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Sample preparation is a key step in analytical chemistry, especially when 
complex samples are considered. In various preparation methods, solid-phase 
extraction (SPE) is one of the most popular techniques. It has been in use for 
many decades and yet is able to meet new challenges, such as minimization of 
solvent and sorbent specifically and improvement in the work flow of 
laborious operations. Nevertheless, there remain considerable innovations that 
SPE can offer. This thesis attempts to apply one of these innovations, 
dissolvable sorbents, layered double hydroxides (LDHs) and their derivants 
with different structures and properties, in some special and new SPE modes, 
including automation, to improve the extraction efficiency. 
 
In Chapter 1, the development of SPE and the application of sorbents is 
reviewed. The trends of this technique (i.e., miniaturization and automation) 
are discussed. The limitations of current SPE-based technique are highlighted. 
The objective of the present thesis is detailed. 
  
In Chapter 2, the synthesis of three types of magnesium-aluminum layered 
double hydroxides (LDHs) is reported. These were employed as SPE sorbents 
to extract several aromatic acids from aqueous samples. An interesting feature 
of these sorbents is that they dissolved when the pH of the solution was lower 
VIII 
 
than 4. Thus, the analyte elution step, as needed in conventional sorbent-based 
extraction, was obviated by dissolving the sorbent in acid after extraction and 
separation from the sample solution. Two SPE modes (i.e., dispersive 
solid-phase extraction (DSPE) and co-precipitation extraction were conducted. 
With these sorbents, extracts could be directly injected into a 
high-performance liquid chromatographic (HPLC) system for analysis. The 
optimized extraction conditions were applied to human urine and sports drink 
samples. 
 
In Chapter 3, the synthesis of layered double oxide hollow spheres (LDO−HSs) 
is discussed. These were employed as dissolvable sorbent in an in-syringe 
DSPE approach to extract eleven United States Environmental Protection 
Agency’s priority phenols from aqueous samples. With their higher specific 
surface area, LDO−HSs showed much higher extraction efficiency than 
normal LDH and LDO. The entire extraction process was accomplished in a 
common polyethylene syringe. After DSPE, the sorbent with the analytes was 
isolated conveniently by directly expelling the spent sample solution out of the 
syringe. The analyte-enriched sorbent was then conveniently dissolved by 
withdrawing an acidic solution into the syringe. The final extract was analyzed 
by HPLC with ultraviolet (UV) detection. The optimized method was applied 




The automation of DSPE presents significant challenges. The separation of the 
sorbent from the spent sample cannot be conducted without manual operations, 
including centrifugation, a widely used means of isolating a solid material 
from solution. In Chapter 4, we report an approach to DSPE using dissolvable 
magnetic Fe3O4-LDH core-shell microspheres as sorbent to enable automation 
of the integrative extraction and analytical processes. Through magnetic force, 
the sorbent, after extraction, was isolated from the sample, and then dissolved 
by acid to release the analytes. Thus, the customary analyte elution step in 
conventional SPE was unnecessary. The automated DSPE step was coupled to 
HPLC-photodiode array detection for the determination of several 
pharmaceuticals and personal care products (PPCPs) in aqueous samples. The 
optimized procedure was then applied to the determination of PPCPs in a 
sewage sample, and ASA and FP in drug preparations.  
 
In Chapter 5, the synthesis and use as sorbent of magnetic core-shell 
Fe3O4@LDO microspheres is discussed. The microspheres were applied to the 
removal of 2,5-dihydroxybenzoic acid (DBA) from aqueous samples. Due to 
the “memory effect”, the microspheres showed higher adsorption capacity 
compared with Fe3O4@LDH. The Fe3O4@LDO microspheres were easily 
recovered after each experiment via the application of a magnetic force. The 
effect of mass of Fe3O4@LDO, temperature and time on adsorption efficiency 
were investigated using batch experiments. Adsorption was in conformance 
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with the Langmuir model, with a maximum adsorption capacity of 188.7 mg/g. 
Recyclability experiments indicated that adsorption efficiency did not decrease 
noticeably after 3 cycles of adsorption-calcination. The Fe3O4@LDO 
microspheres were evaluated by considering matrix-matched aqueous samples 
spiked with DBA. Under the optimized extraction conditions, 98.4% of the 
DBA analyte in the sample could be effectively removed from an aqueous 
solution within 4 h.  
 
In Chapter 6, a novel selective extraction-release-catalysis approach for 
sensitive spectrophotometric detection of copper ion (Cu
2+
) is reported. 
Ethylenediaminetetraacetic acid (EDTA) chelated with nickel ion (Ni
2+
) were 
intercalated in an LDH via a co-precipitation reaction. The product was 
subsequently applied as sorbent in DSPE for the enrichment of Cu
2+
 at pH 6. 
Since Cu
2+





 selectively. The resulting sorbent containing Cu
2+
 was 
transferred to catalyze the 3,3’,5,5’-tetramethylbenzidine oxidation reaction, 
since Cu
2+
 could be released by the sorbent effectively and had high catalytic 
ability for the reaction. Blue light emitted from the oxidation product was 
measured by UV spectrophotometry for the determination of Cu
2+
. The 
optimized conditions were applied to river water samples.  
 
The LDHs and their derivants were demonstrated to be efficient sorbents in 
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various SPE processes, and they showed good potential to contribute to guide 
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Chapter 1 Introduction 
To understand nature and the world living things exist in, samples collected 
from the environment and organisms are analyzed to determine the presence 
and quantities of chemical compounds. However, since most of the samples 
encountered in an analytical laboratory are not in a suitable form (the 
complexity of sample matrices, the presence of high amounts of interferences, 
and the low levels of analytes) that can be directly handled by analytical 
instruments, sample preparation is required for nearly every sample. 
 
The main aim of sample preparation is to clean up, isolate and concentrate the 
analytes of interest, while rendering them in a form that is compatible with the 
instrument used for the analysis.
1
 For this purpose, two classical sample 
preparation methods, liquid-liquid extraction (LLE) and solid-phase extraction 
(SPE), have been popular choices throughout the years. In the first method, 
LLE, analytes are extracted and concentrated from the sample by solvent. LLE 
has been widely used in sample preparation.
2-5
 However, the conventional 
LLE process is time-consuming, tedious and uses large amounts of potentially 
toxic organic solvent, as well as generates significant waste.  
 
Another popular sample preparation approach is SPE. In SPE, solid materials 
need to be prepared first and applied as sorbent in the extraction procedure. 
2 
 
Sorbents are also widely commercially available currently. The analytes are 
extracted by the sorbents and then eluted by suitable solvent. This procedure 
uses much less solvent than LLE. Although normally an extra step of eluting 
the extract is needed, SPE continues to be a leading technology for extraction, 
and increasingly is considered as alternative to LLE. In the past few years, 
various such sorbent-based extraction methods have been developed, such as 
cartridge-, column-, or membrane disk-based SPE,
6-8
 headspace or direct 
immersion solid-phase microextraction (HS/DI SPME),
9-10
 microextraction by 
packed sorbent (MEPS),
11
 dispersive solid-phase extraction (DSPE)
12
 and 
stir-bar sorptive extraction (SBSE).
13
 These SPE procedures represent the 
trend towards miniaturization and/or possible automation or semi-automation, 




Generally, the extraction efficiency of SPE is closely related to the properties 
of the sorbent. Thus, the creation and application of novel sorbents has spurred 
the development of SPE. Nevertheless, the properties of traditional sorbents 
often limit further improvement and enhancement that can be achieved by SPE. 
For example, in conventional SPE, the immobilization of the sorbent within a 
device (e.g., cartridge) hinders the contact between sorbents and analytes. 
Additionally, the sorbent must be loaded in the device first and finally an 
elution step is necessary. The whole process can be tedious, and may not 





. Therefore, new sorbents with novel properties are desirable, in 
order to aid in the development of new SPE formats. 
 
In this introductory part of the thesis, advances in SPE formats and novel 
sorbent materials are overviewed. 
 
1.1 SPE modes 
As mentioned above, there are various SPE modes have been developed over 
the past 30 years. In the following part, five of the most common modes of 
SPE are introduced and discussed. 
 
1.1.1 Cartridge-based SPE 
Cartridge or other similar devices (e.g., syringe, column, membrane disk)
20
 
based SPE, as conventional SPE modes, have been employed for many years. 
Under these modes, devices are polypropylene or glass containers filled with 
specific sorbents for different analytes. Generally, cartridge-based SPE have 
six steps: (1) loading or packing the sorbent in cartridge, (2) conditioning, (3) 
extraction by sorption, (4) drying, (5) elution of unwanted species interference, 




Cartridge-based SPE is a very well-developed method that is widely used. It 
has two important features:
1
 (1) standardization of operation and consequently 
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good reproducibility, (2) and a wide range of sorbents (e.g., reversed phase or 
ion-exchange materials), which enables the pretreatment of various aqueous 
samples. Due to the simple standard operational steps, SPE can be automated. 
 
To ensure good reproducibility, most of these devices are designed for 
single-use only and are disposable, which represents a significant consumable 
cost and lack of environmental friendliness. In this procedure, relatively large 
sorbent amounts (several grams) and sample volume (typically from tens to 
hundreds of mL) are required. While the conventional cartridge-based SPE is 
still widely used, and more and more new SPE modes are being introduced. 
 
1.1.2 Solid-phase microextraction 
SPME, one of the most widely-used sample preparation techniques currently, 
was developed by Pawliszyn in the early 1990s.
21
 It became commercially 
available in 1993. After two decades of further development, various types of 







have been developed and widely used in chemical analysis. The basic SPME 
device usually consists of a fiber (silica or metal) coated along ca. 1 cm length 
by a layer of sorbent. The fiber is fixed inside a syringe-like device.
25
 The 
extraction processes are generally performed in two modes: directly 
immersing the fiber into the aqueous samples or extracting the analyte by from 
the headspace.
26
 After extraction, the fiber is injected into a measurement 
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instrument (e.g., gas chromatography (GC)). 
 
Compared to conventional SPE, SPME demonstrates many advantages: (1) 
simplicity of operation, (2) short extraction time, (3) solventless or 
solvent-free, (4) possibility to collect samples in situ and in vivo.
25
 Due to 
these significant improvements, SPME represents a more universal 
applicability than conventional SPE. However, there are still some limitations: 
(1) The coating of sorbent on the surface of the fiber is difficult to accomplish 
reliably and usually requires extreme conditions (e.g., temperature higher than 
250 °C).
27
 (2) The coated sorbent may be unstable (e.g., breakage, bending, 
swelling or stripping of coatings), thus reducing the working lifetime of fiber 




Figure 1-1. Schematics of various SPME modes: (a) DI-SPME, (b) HS-SPME, 
(c, d) SPME in a microdozer tip filled with an adsorbent and fibers, (e) 
adsorption ME on coated stir-rods, (f) in-needle SPME, (g) SPME in a MS 
needle filled with an adsorbent.
28





1.1.3 Stir-bar sorptive extraction 
SBSE is derived from SPME and developed in 1999 by Baltussen et al.
29
 A 
SBSE device is a magnetic stir bar incorporated into a glass jacket coated with 
a sorbent (e.g., polydimethylsiloxane).
30
 The extraction process includes two 
steps (Figure 1-2): (1) extraction of analytes from sample by putting the stir 
bar contact with the solutes using DI or HS mode, (2) back-extraction, or 





Figure 1-2. Portable stir bar sorptive extraction (SBSE) sampler. Left direct 
immersion mode (SBSE), middle headspace sorptive extraction, and right 
continuous flow SBSE. PDMS:poly(dimethylsiloxane).
32
 (Reprinted with 
permission from [32], ©2014 Springer) 
 
Compared to SPME, a significant difference of SBSE is a larger sample 
volume used (50-250 times that of SPME). Though it is wasteful to some 
extent, a larger volume of sample results in higher absolute recoveries and 
sample capacity.
32
 Thus, SBSE usually results in higher enrichment factors 
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(EFs) (with the EF is defined as the ratio of the analyte concentration in the 
extraction solvent after extraction and the initial analyte concentration in the 
aqueous sample solution) than SPME.
32
 However, there are several problems 
that limit the development of SBSE, such as: (1) commercial coatings are 
expensive, and selectivity is not satisfactory, (2) novel coatings and extraction 
modes, which are suitable for the analysis of polar compounds, are lacking, 




1.1.4 Dispersive solid-phase extraction 
DSPE was first introduced in 2003 by Anastassiades et al.
33
 It forms part of 
the QuEChERS (quick, easy, cheap, effective, rugged and safe) extraction 
procedure, the other part of which involves salting-out extraction. QuEChERS 
is commonly used for the extraction of pesticides in fruits and vegetables 
(Figure 1-3).
34-35
 DSPE alone, as an independent sample preparation method, 
has been widely applied for the enrichment of analytes in aqueous 
samples.
36-37
 DSPE usually includes four main steps: dispersion of the sorbent 
in a solution (e.g., juice extracted from fruit or vegetable), extraction by 
sorption, separation of the sorbent from the solution, and solvent elution of the 
analytes.  
 
The main advantage of this method is the increase in active area between the 
analytes and sorbent. Thus extraction time is generally reduced and channeling 
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or blocking, as occurs frequently in conventional SPE, are avoided.
38
 However, 
centrifugation is needed in the separation step, an added inconvenience, and 
which therefore will not allow complete automation of the extraction 
workflow. This step is also difficult to couple with others in the overall 
scheme (e.g., analysis) automatically and seamlessly. This disadvantage limits 
the applicability of DSPE when a large number of samples are considered, 
since in such a situation, automation would be desirable. 
 
Figure 1-3. Schematic QuEChERS, including salting-out extraction and 
DSPE.
39
 (Reprinted with permission from [39], ©2007 Springer) 
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1.1.5 Co-precipitation extraction 
Co-precipitation is a general chemical process, in which elements or chemicals 
are incorporated into a precipitate. This process is usually used as a synthesis 
method of materials,
40
 but is also a means of a removal or preconcentration 
analytes from aqueous samples.
41-42
 The basic principle of co-precipitation 
extraction includes three steps: (1) Analyte reacts/chelates with an 
inorganic/organic compound to form a solid phase; (2) the formed precipitate 
is separated from the aqueous media; and (3) The precipitate is dissolved in 




Co-precipitation extraction is a solvent and sorbent-free sample pretreatment 
method. Thus it overcomes some limitations of LLE and SPE, such as 
evaporative loss of solvent and degradation of sorbent. Due to its advantages, 
e.g., simplicity, rapidity and ability to attain a high EF, co-precipitation 
extraction has become one of the important sample pretreatment methods for 












 detection. However, the 
application of this method is confined to metal ion detection. Thus this 
technique has received less attention than SPE.  
 
1.2 Sorbents used in SPE  
Conventional sorbents, such as C8, C18, poly(styrenedivinylbenzene) 
(PS-DVB), macroporous poly(N-vinylpyrrolidone-DVB) polymers, 
10 
 
methacrylate-DVB resins, have been widely used in different SPE modes.
45
 
This section reviews novel sorbents that have been developed in recent years.  
 
1.2.1 Carbonaceous sorbents 
Recently, carbonaceous materials, such as graphene, fullerene, carbon 
nanotube, carbon nanofiber and their different functionalized forms, have been 
efficiently applied as sorbents in various SPE modes.
46
 By hydrogen bonding, 
π-π stacking, electrostatic forces, van der Waals forces, hydrophobic 
interactions or other non-covalent forces, these carbonaceous sorbents could 
interact with organic molecules.
47
 With these interactions and their special 
structures (e.g., hollow or layered), carbonaceous sorbents show good 
extraction ability in SPE processes. 
 
1.2.1.1 Graphene 
Graphene is a remarkable material, which has been studied and utilized in 
different areas. It also plays an important role in SPE as an efficient sorbent 
thanks to the following advantages
46
: (1) It has a large specific area due to its 
single layer structure, and both sides of its planar sheets are available for 
adsorption. (2) It can form strong π stacking interaction with other compounds 
with its π-electron system (e.g., benzene rings). (3) It is easy to modify 
graphene with functional groups and use these new materials for specific SPE 
















 and so on. However, there is strong binding between graphene and 




Figure 1-4. Schematic of the fabrication processes of graphene-coated SPME 
fiber.
49
 (Reprinted with permission from [49], ©2011 American Chemical 
Society) 
 
1.2.1.2 Carbon nanotubes 
Since carbon nanotubes (CNTs) were first reported in 1991 by Iijima,
52
 this 
material has gained great interest. A CNT can be considered as a cylindrical 
structure capped by graphene sheets.
46
 CNTs are usually classified as 
single-walled carbon nanotubes and multi-walled carbon nanotubes 
(MWCNTs). Benefitting from its special structure, a CNT shows some unique 
properties, such as distinctive electron transport characteristics, largest elastic 
modulus, high thermal stability and substantial available surface area.
53
 These 
properties, especially high surface area and ability to establish π-π interactions 
permit CNTs to be a good sorbent in SPE.
54
 Moreover, CNTs can be 
covalently or non-covalently functionalized and tailored to adapt different 
12 
 
analytes (polar or non-polar).
46
 CNTs have been widely used in various SPE 




Figure 1-5. Application of MWCNT in SPE system
58
 (Reprinted with 
permission from [58], ©2006 American Chemical Society) 
 
1.2.2 Metal organic frameworks 
Metal organic frameworks (MOFs) represent a class of hybrid materials which 
are formed by metal (oxide) cations of clusters and polydentate bridging 
ligands.
59-61
 Due to their properties, such as large surface areas, diverse 
structure topology and tunable pore size, MOFs demonstrate good potential as 
sorbents in SPE. The different pore sizes and diverse topologies of MOFs can 
be obtained by adjusting the structure and size of the guest molecules. 
Moreover, specific properties of MOFs can be achieved by in-pore 







Since an MOF was first applied as a sorbent for SPE in 2006,
62
 it has been 
attempted in different SPE modes (e.g., SPME, DSPE).
63
 However, even 
though there are a variety of MOFs, only a few types (e.g., MOF-5, MOF-199, 
MAF-X8, MIL and ZIF series) have been explored in SPE. A big challenge or 
disadvantage of MOF is instability, which restricts the application of MOF, 
especially under extreme extraction conditions (e.g., high temperature). 
 
Figure 1-6. The utilization of a ZIF-8-coated fiber for SPME with a 
ZIF-8-coated capillary for GC to allow selective extraction and separation of 
n-alkanes from complex matrices.
64
 (Reproduced with permission from [64], 
©2011 American Chemical Society) 
 
1.2.3 Molecularly-imprinted polymers 
A molecularly-imprinted polymer (MIP) is a polymeric material that is 
synthesized according to a target molecule and has binding capacity and 
selectivity for the latter. The synthetic approach of MIP usually involves three 
steps:
65-67
 (1) the functional monomers are positioned around a template 
molecule and form a complex via covalent or non-covalent interactions, (2) 
the monomers are then polymerized and cross-linked, leading to a 
three-dimensional polymer in the presence of an initiator, and finally, (3) the 
template molecule is removed or extracted, and leaving the binding site with 
14 
 
shape, size and functionalities that is complementary to the target analyte 
(Figure 1-7). Since the binding site is tailor-made for the analyte, the 
specificity to the analyte is the biggest advantage of MIP. Besides, stability 





Figure 1-7. Synthesis of molecularly imprinted polymers (MIPs) and its 
selective recognition to target molecule.
67
 (Reproduced with permission from 
[67], © 2015 Elsevier B.V.) 
 
In 1994, Sellergren first used a MIP as a sorbent in SPE.
69
 However, more 
recent studies have reported the use of MIPs as sorbents coated on SPME 
fibers, after this mode was first demonstrated by Koster et al.
70
 Because of the 
advantages of MIPs, they have been successfully applied as novel, highly 
selective sorbents for analytes from environmental and biological samples.
66
 
Nevertheless, there are still some drawbacks that need to be addressed. For 
15 
 
example, a MIP, by definition, does not have a broad response to various 
analytes, which means each time only one kind of analyte can be detected. 
 
1.2.4 Layered double hydroxides 
In recent years, layered double hydroxides (LDHs) have received a lot of 
attention in various fields due to their special structures and properties. LDHs 
are a class of two-dimensional nanostructure materials, which have positively 
charged layers of metal hydroxides separated by charge-balancing anions and 









)x/n•mH2O, where M are metal cations, and A are interlayer anions 
(Figure 1-8).
71
 LDHs with different interlayer anions can be prepared by 
anion-exchange
72
 or co-precipitation methods.
73
 By changing the metal cations 
and interlayer anions, various LDHs have be applied as ion-exchangers, 
sorbents, catalysts or catalyst precursors, electrode materials and flame 





LDHs are promising sorbents for enriching anions owing to their excellent 
anion-exchange capacity, high porosity, and high specific surface area.
16
 It has 





 and polycyclic aromatic hydrocarbons.
18





 also have been reported after 2013. However, like the 
16 
 
previously mentioned sorbents such as MOFs, and graphene, etc., the LDHs 
reported in these studies were used in the conventional or classical SPE sense 
(i.e. conditioning, adsorption, washing and analyte desorption). In fact, LDHs 
have some specific properties, e.g., dissolvable under acidic environment, and 
reconstructive ability, and these could be used to guide the design of novel, 
interesting and highly efficient extraction processes.  
 
Figure 1-8. Structure of LDH 
 
1.3 Trends of SPE  
Although SPE was introduced several decades ago, it has continued to be 
developed in line with the progress of extraction technologies to meet the 
requirements of analytical chemistry. It can be seen from the history of SPE 
development that this technology has increasingly required much less sorbents 
and solvents (miniaturization), and to the point that some of its modes are 
17 
 
amenable to automation. 
 
1.3.1 Miniaturization 
In its simplest form, several tens of grams of sorbent and several hundred mL 
of solvent are needed. With the development of manufacturing technology, 
support of the sorbent in devices (e.g., cartridge, column, disk) has been 
replaced by coating on devices (e.g., SPME fiber, stir bar). This improvement 
greatly reduced the consumption of sorbents (down to several mg) and 
solvents (several mL). Miniaturization, no doubt, makes SPE cheaper and 
more environmentally friendly. Furthermore, solvent-free or even sorbent-free 
SPE is possible; the latter will be discussed below. 
 
1.3.2 Automation 
Sample pretreatment almost always requires repetitive operations. To enable 
SPE to be labor-free, automation should be a natural progression of the 
procedure. Another advantage of automation is that repeatability and 
reproducibility is enhanced, leading to increased accuracy. Now, most of SPE 
procedures (e.g., cartridge-based SPE, SBSE, SPME) have been automated to 
some extent.
6-11, 13-15, 23
 However, for these SPE methods, specialized devices 
to hold or immobilize the sorbents are needed. On the other hand, the 
automation of DSPE has not realized, as mentioned in section 1.1.4, though it 




Miniaturization and automation represent the future direction of new 
extraction procedure. Except from the improvement of workflow, the creation 
of new functionalized sorbents is another important way for the development 
of sorbent-based extractions. 
 
1.3.3 Functionalized sorbents 
Conventional sorbents, such as octyl- and octadecyl-functionalized silica, are 
universal for a broad range of analytes (e.g., phenols, PAHs). To enhance the 
specificity of extraction, some new sorbents, such as graphene and CNTs, 
were functionalized by modifying with specific groups (e.g., 
p-phenyl-SO3H
75-76
). Moreover, some specific sorbents such as MIPs are 
designed purposefully for particular target analytes.  
 
1.3.4 Sorbents with new structures 
Another important feature of sorbent is its structure. The sorbents can obtain 
outstanding properties (e.g., high specific surface area) by changing the 
structure (e.g., hollow, layered). For example, from carbon nanotube to 









. The increasing of specific surface area can lead a faster extraction, 




1.4 This Work: Objectives and Organization 
SPE represents an important aspect of sample preparation that is relatively 
simple and universal, less labor-intensive and organic solvent-minimized, in 
comparison to traditional method such as LLE. Nevertheless, there are 
limitation with the procedure. 
 Specialized devices are needed to hold sorbents for most SPE, such as 
cartridge, column, fiber or stir bar, which makes SPE not only expensive, 
but also tedious (combine sorbent with these devices).
6-11,13
 
 The automation of DSPE still presents significant challenges due to the 




 The current application of sorbents in SPE is homogenization. Various 





The main objectives to the present work are: 
 Synthesize sorbents (e.g., LDH, Fe3O4@LDH, layered double oxides 
hollow spheres, EDTA-Ni-LDH) with new properties (e.g. magnetic, 
dissolvable) for SPE, particularly DSPE. 
 Develop new SPE procedures (e.g., fully-automated DSPE, 
co-precipitation extraction, selective extraction) based on novel sorbents. 




The results of this present work may have significant impact on both the 
application of materials and the development of alternative SPE models. 
 Sorbents with specialized properties have been synthesized (e.g. 
dissolvable LDH; magnetic Fe3O4@LDH) and employed in fully 
automated DSPE, which greatly improve the extraction efficiency. 
 This work affords some novel SPE procedures without any specialized 
devices required, with lower consumption of solvents and sorbents. These 
technologies are much more affordable and environmentally friendly. 
 Some novel SPE procedures (e.g., selective extraction by 
(EDTA-Ni)-LDH), for the first time, are developed. The mechanism 
studies of these procedures provide a more in-depth understanding of SPE. 
 
The work presented in this thesis focuses on the application of SPE for water 
samples. Though SPE can be conducted on solid or liquid sample, the studies 
on water samples simplify the models, which contributes to the understanding 
of the mechanism. Other than that, detection technologies are not specifically 
evaluated or discussed here, since they are only tools for the analysis, and are 




Chapter 2 Application of dissolvable layered double hydroxides as 
sorbent in dispersive solid-phase extraction and extraction by 
co-precipitation for the determination of aromatic acid anions 
 
2.1 Introduction 
As mentioned above, SPE is a widely used sample preparation method for 
pre-concentration of analytes. In the extraction process, the extraction 
efficiency depends on the particle size and the surface area of the sorbent.
78
 
However, in most cases, the aggregation tendency of solid particles reduces 
the active area, limiting the full exploitation of the potential extractability.
79
 
Additionally, the necessary elution step must be optimized for stripping the 
retained analytes from the sorbent to provide maximum recovery.
16-19
 Like the 
loading step, elution can be tedious, and it may not always be complete.  
 
Co-precipitation extraction is a sorbent-based extraction. Here, a sorbent such 
as an LDH is suited for the procedure, since LDHs can be dissolved in acidic 
solution (pH<4), and precipitated in basic solution (pH>8).
71
 To conduct 
extraction by co-precipitation, the LDH is first dissolved in the sample 
solution by adding acid. Then the pH is adjusted to a value larger than 8 by 
adding base. Under this condition, the metal ions and analyte anions form a 
new intercalated LDH and precipitate out; the anions in the precursor LDH are 
replaced by analyte anions (Figure 2-1b). This process minimizes the 
22 
 
extraction time due to the formation time (2-5 min) of intercalated LDH being 
very short.  
 
Figure 2-1. (a) Anion exchange in LDHs, nitrate anions are replaced by 
phthalic acid anions. This process also occurs in dispersive solid-phase 
extraction. (b) Co-precipitation extraction. Phthalic acid anion is taken as an 
example of an analyte. 
 
By considering DSPE and co-precipitation extraction by using LDHs, the 
elution step can be eliminated by dissolving the LDH in acid, after extraction 
and separation from the sample solution, leaving behind a solid-free extract 
23 
 
that can be introduced to an analytical system directly for analysis. The 
dissolution step greatly simplifies the analyte recovery or retrieval process, 
and shortens the time needed. Since no analyte transfer and elution is involved, 
analyte loss is minimized, if not eliminated. Thus maximum analyte recovery 
can conceivable be achieved. 
 
In the present work, three types of LDHs were synthesized and characterized 
by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), 
and scanning electron microscopy (SEM). The materials were evaluated for 
dispersive SPE and co-precipitation extraction. The aromatic acids, 
protocatechuic acid (OH-BA), mandelic acid (MA), phthalic acid (PA), 
benzoic acid (BA), salicylic acid (SA), were considered as the model analytes 
(Table 2-1). Some of them (BA, SA and PA) may be found in food/drinks, 
since they are additives or contaminants in the food industry.
4, 80-81
 Some of 
them (SA and OH-BA) can be found in pharmaceuticals.
3, 82
 MA and PA can 
be considered as biomarkers of occupational exposure to toxic compounds.
83-84
 
All of these compounds can be detected as metabolites in human urine 
samples.
3, 82-85
 Interestingly, as mentioned above, the normal elution step, as 
usually applicable for sorbent-based extraction, was replaced by dissolution of 
the respective sorbents, thus releasing the analytes directly into solution as the 
extract. Finally, the analytes and dissolved LDHs were injected into a 
high-performance liquid chromatography (HPLC) system for analysis. The 
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main purpose of this work is to develop an interesting new approach to 
sorbent-based extraction. To the best of our knowledge, this is the first time 
that SPE (in this case, DSPE and co-precipitation extraction) has been used in 
this manner in which analyte elution from the sorbent is completely avoided 




Table 2-1. Structures of analytes 

























2.2.1 Apparatus and reagents 
3,4-Dihydroxybenzoic acid, mandelic acid, benzoic acid, phthalic acid, 
salicylic acid,  magnesium chloride hexahydrate (98%), aluminum chloride 
anhydrous (99%), magnesium nitrate hexahydrate (98%), aluminum nitrate 
nonahydrate (98%), trifluoroacetic acid (TFA) (99%) were purchased from 
Alfa (Karlsruhe, Germany). Sodium carbonate and sodium hydrate were 
purchased from Dickson (Singapore). HPLC-grade acetonitrile was obtained 
from Tedia (Fairfield, OH, USA). Urine samples were collected from healthy 
volunteers. 
     
XRD measurement were conducted on a Siemens D5005 X-ray diffractometer 
(Cu Kα=1.5418 Å) (Karlsruhe, Germany). FT-IR spectra were recorded on a 
Varian 3100 system (Santa Clara, CA, USA). Scanning electron micrographs 
were obtained on a JEOL JSM-6701F SEM (Tokyo, Japan).  
 
2.2.2 Synthesis of sorbents 
Three different LDHs (LDH-NO3, LDH-Cl and LDH-CO3) were synthesized 
according to the co-precipitation method proposed by Reichle.
86
 Taking 
LDH-Cl as an example, 15.25 g MgCl2•6H2O and 3.34 g AlCl3 were dissolved 
in 100 mL deionized water under vigorous stirring at 30 °C. The pH of the 
solution was adjusted to 11 by adding ca. 3 mL of 1M NaOH solution. After 4 
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h, the solution was transferred into an autoclave and aged by hydrothermal 
treatment at 180 °C for 36 h. The obtained powder was filtered and dried at 
70 °C overnight.  
 
2.2.3 Extraction procedure  
Figure 2-2 illustrates the two different extraction procedures. In DSPE, 3 mg 
of an LDH and 10 mL sample were added to a centrifuge tube (15 mL 
capacity). The mixture was sonicated for 5 min at 20 °C and then vortexed to 
disperse the sorbents. The pH of the sample solution was adjusted with 0.1 M 
NaOH to various pH values (4-12). Subsequently, the sample tubes were 
conditioned in a water bath at the designated temperatures. After extraction, 
the sorbents were sedimentated from the solution by centrifugation, and the 
supernatant was decanted. The sorbent was then dissolved in 100 µL 8% TFA 
aqueous solution, and 20 µL of the solution, now containing the analytes, was 
injected into the HPLC. 
 
For co-precipitation extraction, 3 mg LDH and 10 mL sample were added to a 
centrifuge tube (15 mL capacity). Thirty-five microliters of 99% TFA was 
added to the mixture to dissolve the sorbent (precursor LDHs). A 0.1 M NaOH 
solution was used to adjust the pH of the sample solution to between 8 and 12 
in order to promote formation of a new intercalation LDH. During this process, 
the tube was heated in a water bath at the designated temperature. After 
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extraction, the process was as described for DSPE above. 
 
Figure 2-2. Schematic of DSPE and co-precipitation extraction processes 
 
2.2.4 HPLC analysis 
Chromatographic analysis was performed on a Shimadzu (Kyoto, Japan) 
HPLC system consisting of a LC6AD binary pump and an SPD-20A 
ultraviolet-visible (UV-Vis) spectrophotometric detector. Data acquisition and 
processing were accomplished using LC-Solution (Shimadzu) data analysis 
software. Chromatographic separation was conducted using a Kinetex-C18 
(Phenomenex, Torrance, CA, USA) column (100 mm× 4.60 mm internal 
diameter, 2.6-μm particle size) with the column temperature held at 30°C. The 
mobile phase was acetonitrile (1% TFA): water (1% TFA)/11:89 at a flow rate 




2.3 Results and Discussion 
2.3.1 Characterization of LDHs 
The sorbents were characterized by XRD and FT-IR spectroscopy. Figure 2-3 







). The sharp and intense diffraction peaks around 11°, 
23°, 35°, 60°-62° corresponded to the (003), (006), (009)+(012), (110), (113) 
planes of the LDHs crystal structure.
87
 All the LDHs showed pure and 
well-crystallized LDH phase. Compared to LDH-Cl and LDH-CO3, LDH-NO3 
had the strongest intensity both in planes (003) and (006). This indicated that 
the LDH-NO3 had the most perfect crystal structure in short range among 
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The FT-IR spectra (Figure 2-4) show the characteristic absorption bands of 
each LDH. The broad band at 3477cm
-1
 could be assigned to the stretching 
vibration of hydrogen bonding and interlayer water molecules. The weak 
absorption band at 1637 cm
-1
 was attributed to the bending vibration of 





responsible for the strong peak at 1384 cm
-1
. The bands in the range of 
400-800 cm
-1
 could be ascribed to metal-oxygen-metal stretching. 
 








Figures 2-5a, b, c show the SEM images of LDH-Cl, LDH-CO3, LDH-NO3 
respectively, revealing that the sorbents consist of crystallites. Taking 
LDH-NO3 as an example (Figure 2-5d), the small crystallites were thin 
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platelets with approximate sizes in the range of 200 nm and thickness of about 
20 nm. 
 
Figure 2-5. SEM images of (a) LDH-CO3, (b) LDH-Cl, and (c) and (d) 
LDH-NO3 
 
The results of the analyses indicated that the sorbents conformed to the 
characteristics of LDHs as published previously
87
, demonstrating that the 
synthetic process was successful, and that the sorbents were very crystalline, 
ordered materials.  
 
2.3.2 Optimization 
2.3.2.1 Selection of method & sorbent 
The extraction efficiency of LDHs is affected by the type of interlayer anions. 
31 
 
These anions afford different anion-exchange capability to the LDHs.
88
 The 






) in DSPE and 
co-precipitation extraction are shown in Figure 2-6. It can be seen clearly that 
higher enrichment factor (EF) values were achieved using LDH-NO3 than the 







. This order corresponds to the anion exchange 
equilibrium constants reported by Miyata.
89
 DSPE and co-precipitation 
extraction using LDH-NO3 exhibited similar extraction efficiency for all 
analytes except PA (see Section 2.3.2.4). Thus, LDH-NO3
 
was considered to 
be the most suitable sorbent to conduct further experiments with. 
 







) in two methods (D: DSPE; C: co-precipitation 
extraction) for analytes at 200 µg/L. Conditions: sample volume, 10 mL; 
extraction time, 20 min; temperature, 30°C; pH, 7 (DSPE)/ 10 




2.3.2.2 Effect of extraction temperature 
 
 
Figure 2-7. Effect of various parameters on extraction. Conditions: 100 µg/L 
analytes spiked solution; sample volume, 10 mL.  
Top: Effect of temperature (a) DSPE: extraction time, 30 min; pH, 7; (b) 
co-precipitation extraction: extraction time, 10 min; pH, 10;  
Middle: Effect of extraction time (c) DSPE: temperature, 55°C; pH, 7; (d) 
co-precipitation extraction: temperature, 65°C; pH, 10; 
Bottom: Effect of pH (e) DSPE: temperature, 55°C; extraction time, 30 min; (f) 
co-precipitation extraction: temperature, 65°C; extraction time, 10 min.  




Experiments were carried out from between 25 and 75°C to evaluate the effect 
of extraction temperature. Figures 2-7a and 4b show that the enrichment 
factors increased with increasing temperature, and reached the maxima at 
55°C for DSPE, and 65°C for co-precipitation extraction. 
 
In general, high temperature leads to increase in diffusion coefficients, which 
promotes the migration of analytes from the aqueous solution to the dispersive 
sorbent particles. In this way, the degree of contact between sorbent and 
analytes will rise and result in a faster equilibrium.
90-92
 However, considering 
that adsorption is an exothermic process, an elevated temperature may lead to 
desorption of analytes from sorbents after a certain temperature threshold is 
reached. 
 
The optimal temperature was different for the two methods as might be 
expected, since different extraction mechanisms were applicable. DSPE in the 
present context is a direct ion-exchange process, and the control of the 
temperature can affect the arrangement of analytes in the interlayer region. 
The tilted orientation depends on the position of anions in analytes, and a 
specific orientation can only be achieved at a specific temperature.
73
 From the 
plots shown in Figure 2-7a, we can conclude that the proper orientation can be 
achieved for most analytes at 55°C. The DSPE process was accompanied by 





 On the other hand, co-precipitation is similar 
to a synthesis process, and the optimal temperature should be close to the 
synthesis temperature of LDH (70°C). On the basis of the above discussion, 
55°C was adopted for DSPE method, and 65°C for C. 
 
2.3.2.3 Effect of extraction time 
A series of extraction times from 5 to 60 min was studied, and the results are 
shown in Figures 2-7c and d. It can be seen from Figure 2-7c that EF values 
flattened out after 30 min in DSPE. In previous reports, equilibrium was 
achieved after 2-8 hrs using LDH as sorbent in conventional SPE.
93, 95
 
Obviously, dispersive sorbent particles accelerated the process of extraction. 
The co-precipitation extraction method achieved the highest EF values in ca. 
10 min (Figure 2-7d). All of the analytes showed a decrease afterwards. The 
probable reason is that the analytes are multivalent anions, which usually have 
stronger ion-exchange ability than univalent anions,
88
 and were more 




 to form the LDH structure in the initial stage. 
Over a prolonged period of extraction, however, back-extraction 
22
 occurred, 
because the high concentration of OH
-
 from the solution became competitive 
with the analytes. Taking into account the above results, 30 min was chosen as 




2.3.2.4 Effect of pH 
The influence of pH on extraction efficiency was also investigated. The pH 
values of the sample solution were adjusted in a range of between 4 and 12 
(DSPE: 4-12; co-precipitation extraction: 8-12). The pH values from 4-6 were 
adjusted with minimum volumes of 0.25 mol L
-1
 HCl solution, and from 8-12 
with minimum volumes of 0.25 mol L
-1
 NaOH solution. 
     
As can be seen in Figure 2-7e, at a pH value of lower than 7, the EF was 
enhanced when pH was increased, probably due to two factors: (1) the 
ionization of analytes was enhanced, and (2) the LDH dissolved in strong 
acidic media. When pH was >7, except for OH-BA, all other analytes showed 





 Meanwhile, since the pH corresponded to the pHpzc 
(where pzc is the point of zero charge of surface) of LDH, the decrease of 
surface positive charge reduced the interaction between analytes and LDH.
16
 
However, the adsorption capacity of OH-BA was only slightly different 
probably due to the multivalent negative groups in OH-BA (two phenolic 
hydroxyl groups and one carboxyl group), which enhanced its ion-exchange 
ability 
88
. Compared to this strong ion-exchange ability, the effect of pH was 
not significant. To achieve high efficiency for all analytes, a pH of 7 was 
considered optimal in DSPE. For the co-precipitation extraction method, since 
LDH can only precipitate in basic solution, the investigation of the effect of 
36 
 
pH began from a value of 8. Figure 2-7f shows that EF values also decreased 
with the increase in pH. The reason is also that there was competition from 
OH
-
. Considering these observations, a pH of 8 was adopted as most 
favourable in co-precipitation extraction. 
 
2.3.3 Method evaluation 



















OH-BA 0.5-500 0.9993 6.1 0.03 0.10 64.7 
MA 5-500 0.9920 3.6 0.09 0.30 7.3 
PA 0.5-500 0.9948 7.1 0.03 0.10 89.1 
BA 5-500 0.9973 13.7 0.28 0.92 7.1 
SA 0.5-200 0.9985 5.6 0.05 0.17 40.7 
Co-precipitation 
extraction 
OH-BA 0.5-500 0.9949 2.1 0.03 0.10 81.6 
MA 5-500 0.9997 10 0.66 2.18 1.7 
PA 1-200 0.9903 12.7 0.14 0.46 30.6 
BA 10-500 0.9977 9.4 1.47 4.85 3.54 
SA 1-500 0.9918 5.2 0.08 0.26 16.9 
 
 
To assess the performance of the two extraction methods using LDH-NO3, 
linearity, precision, repeatability, limits of detection (LOD), limits of 
quantitation (LOQ) and EF values were measured, and are shown in Table 2-2. 
Both methods exhibited good linearity of the calibration plots, with 
coefficients of determination (r
2)≥0.9903. The relative standard deviation 
(RSD%) was calculated at 10µg/L spiked concentration levels to evaluate the 
precision of the method. The LODs, based on a signal-to-noise (S/N) ratio of 3, 
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ranged from 0.03 to 1.47 µg/L. The LOQs, based on S/N=10, ranged from 
0.10 to 4.85 µg/L. As can be seen in Table 2-3, the LODs obtained were lower 
than other conventional SPE or liquid-phase extraction methods for MA, PA, 
BA.
2, 81, 83-84, 96-97
 The LOD of OH-BA (0.03 µg/L) obtained was comparable to 




Table 2-3. Comparison of LODs with different methods 
Analyte Method
a 




PLE-SPE/HPLC-MS SPE cartridge Oasis MCX 3cc algae 0.02 
96
 














LE/GC-MS Ethyl acetate urine 10 
84
 











 HS-SPME/GC PDMS-DVB beverages 2 
SA 

















(PLE: pressurized-liquid extraction; MS: mass spectrometry; LLE: liquid–
liquid extraction; LE: liquid extraction;  
GC: gas chromatography; IL-CIA-DLLME: ionic liquid cold-induced 
aggregation dispersive liquid–liquid microextraction) 
 
 
The conventional SPE method, as described previously,
2
 was compared with 
our proposed methods for the determination of salicylic acid (Table 2-4). 
Obviously, DSPE and co-precipitation extraction had lower LODs, and wider 
linear ranges than conventional SPE. Additionally, less sample and solvent 
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were used in DSPE and co-precipitation extraction. In DSPE and 
co-precipitation extraction, the sorbent was not reusable; however, only 3 mg 
were consumed each time. In conventional SPE, the cartridge is reusable, in 
principle. However, in most conventional SPE work, the cartridge is normally 
used only once, and is discarded, to prevent cross-contamination, and loss of 
extraction efficiency. DSPE method showed better extraction performance 
compared with the co-precipitation extraction. The probable reason is the 
slight mass loss of LDH after co-precipitation, because the LDH cannot be 
recovered completely. However, the outstanding advantage of co-precipitation 
extraction is the fast extraction speed. Additionally, co-precipitation extraction 
has potentially wider applicability than DSPE using LDHs as sorbents. For 
example, LDHs can only extract anions in DSPE, since only anion-exchange 
occurs in extraction process. However, co-precipitation extraction could be 
applied to extract bivalent or trivalent metal ions, which can participate in the 
formation of LDHs. 
 






Amount of sorbent (mg) 200 3 3 
Sample volume (mL) 100 10 10 
Elution/Dissolution volume (mL) 2.5 0.1 0.1 
Linear range (µg/L) 0.3-45 0.5-200 1-500 
LOD 0.12 0.05 0.08 
Correlation coefficient 0.9985 0.9985 0.9918 
RSD (%) 2.3 5.6 5.2 
Enrichment factor 40 40.7 16.9 
 
2.3.4 Real sample analysis 
To evaluate the applicability of these methods, the analysis of a commercially 
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available sports drink sample containing sodium benzoate and human urine 
samples from two healthy volunteers were conducted.  
 
The analysis of a commercially available sports drink sample containing 
sodium benzoate was conducted. Since the concentration of this preservative 
in sample was very high so as to be out of the linearity range considered, it 
was diluted 100 times before extraction. Both methods detected sodium 
benzoate at a concentration of ca. 20 µg/L (Table 2-5) in the sample. Taking 
the dilution into account, the concentration of sodium benzoate was ca. 2 mg/L, 




Table 2-5. Summary of results from analysis of aromatic acid anions in a 
spiked sports drink sample by DSPE and co-precipitation extraction  
Method Analyte 
Non-spiked sports drink  




RSD% (n = 3) RR (%) RSD (%, n = 3) 
DSPE 
OH-BA nd --- 89.5 4.2 
MA nd --- 105.7 10.4 
PA nd --- 87.0 2.7 
BA 19.9 4.5 294.5 5.0 





























Except for sodium benzoate, SA and PA were not detected, indicating the 
absence of the latter analytes, or they were below the LODs of the present 
method. Nevertheless, the sports drink was spiked to a level at 10 µg/L of each 
compound. Table 2-5 shows the relative recoveries (RRs), defined as the ratio 
of peak areas of the spiked sports drink extracts to the spiked ultrapure water 
extracts. It can be seen that the RRs of OH-BA, MA, PA and SA range from 
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80.8% to 105.7%. The RSD% values were <11%. However, due to the 
presence of sodium benzoate in the original sports drink, RRs of this 
compound was measured to be 294.5% (DSPE) and 297.3% (co-precipitation 
extraction). In consideration of the originally high concentration of sodium 
benzoate (20 µg/L), the RRs values were reasonable, and expected. Figure 2-8 
shows the chromatogram of the extract after DSPE of the spiked and unspiked 
sports drink sample. 
 
Figure 2-8. Chromatogram of extract after DSPE of (a) sports drink spiked 
with analytes at concentration levels of 10 µg/L of each compound and (b) 
unspiked sports drink sample. Conditions: temperature, 55°C; extraction time, 
30 min; pH, 7. Peak identities: (1) OH-BA; (2) MA; (3) PA; (4) BA; (5) SA. 
 
The urine samples were collected from volunteers (A and B) before and after 
they consumed the sports drink. Urine sample 1 from volunteer A was 
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collected under normal conditions (the subject did not drink any sports drink 
in 24 hrs), and urine sample 2 was collected 3 hrs after consumption of 250 
mL of the sports drink. In urine sample 1, none of the analytes was detected, 
indicating their absence, or they were below the LODs of the methods. 
However, benzoate was detected in urine sample 2 at a concentration ca. 2.9 
µg/L (Table 2-6), which resulted from the consumption of the sports drink.  
 
To assess matrix effects, volunteer A's urine samples 1 and 2 were spiked to a 
level at 10 µg/L of each compound, and subjected to the procedure. Table 2-5 
shows the relative recoveries (RRs), defined as the ratio of peak areas of the 
spiked urine samples extracts to the spiked deionized water extracts. Since 
urine samples are complex, containing some unknown compounds (Figure 
2-9), the matrix did affect to some extent the extraction efficiency, as can be 
expected since the sorbent was in direct contact with the samples. 
Nevertheless, it can be seen that the RRs of OH-BA, MA, PA and SA were 
satisfactory; they range from 81.3% to 97.2%. The RSD% were <10%. 
However, due to the present of sodium benzoate in the urine sample 2, RRs of 
this compound was measured to be 127.6% (DSPE) and 128.5% 
(co-precipitation extraction). In consideration of the original concentration of 
benzoate (2.9 µg/L) in urine sample 2, the RRs values were expected and 
reasonable. Figure 2-9 shows the chromatogram of after dispersive SPE of 











 Urine sample 2
a 



















OH-BA nd -- 93.5 3.4 nd -- 89.3 2.9 
MA nd -- 97.2 3.8 nd -- 90.7 2.3 
PA nd -- 90.5 1.0 nd -- 95.6 5.1 
BA nd -- 92.7 7.4 2.8 3.3 127.6 2.0 








nd -- 86.2 2.2 nd -- 84.9 3.4 
nd -- 81.6 1.5 nd -- 81.3 5.9 
nd -- 88.9 3.1 nd -- 92.2 1.7 
nd -- 93.6 1.3 3.0 6.7 128.5 3.1 
nd -- 91.3 3.9 nd -- 87.1 1.0 
a






Figure 2-9. Chromatogram of extract after DSPE of (a) urine sample 2 spiked 
with analytes at concentration levels of 10 µg/L of each compound and (b) 
unspiked urine sample 2. Conditions: temperature, 55°C; extraction time, 30 
min; pH, 7. Peak identities: (1) OH-BA; (2) MA; (3) PA; (4) BA; (5) SA. 
 
Urine samples 3 and 4 were both from volunteer B. Urine sample 1 was 
collected under normal conditions (the subject did not consume any sports 
drink for 24 hrs), and urine sample 4 was collected 3 hrs after consumption of 
250 mL of the sports drink. In urine sample 3, none of the analytes was found 
except for unknown compounds, indicating the absence of the analytes, or 
they were below the LODs of the present method. However, benzoate was 












 Urine sample 4
a 



















OH-BA nd -- 90.3 1.4 nd -- 88.2 3.7 
MA nd -- 85.4 4.9 nd -- 89.0 5.5 
PA nd -- 86.6 1.2 nd -- 90.7 4.9 
BA nd -- 88.1 4.5 4.2 5.1 130.7 1.8 








nd -- 89.6 7.6 nd -- 89.9 5.0 
nd -- 82.5 1.6 nd -- 81.4 1.8 
nd -- 94.5 1.2 nd -- 89.3 3.5 
nd -- 90.6 9.9 4.1 2.9 127.3 2.2 
nd -- 87.4 3.2 nd -- 90.2 5.9 
a





The urine samples 3 and 4 were spiked to a level at 10 µg/L of each compound. 
Table 2-7 shows the results. It can be seen that the RRs of OH-BA, MA, PA 
and SA range from 81.4% to 95.4%. The RSD% values were <10%. However, 
RRs of BA was measured to be 130.7% (DSPE) and 127.3% (co-precipitation 
extraction). The values were reasonable due to the presence of sodium 
benzoate (4.2 µg/L) in the original urine sample 4 whose owner had consumed 
the sports drink prior to sampling. These results indicate that both methods are 
applicable to real sample analysis. 
 
2.4. Conclusion 
In the current work, LDHs, particularly LDH-NO3, were used as sorbents for 
two types of extraction methods, DSPE and co-precipitation extraction, with 
both exhibiting good extraction efficiencies for aromatic acids. The developed 
methods, coupled with HPLC analysis, achieved lower LOD compared to 
previous works, good linearity and acceptable repeatability. The procedure 
was demonstrated to be a fast, efficient method for the extraction of organic 
anions in water samples. The most interesting aspect of using the LDH-NO3 as 
sorbent was the dissolution of the sorbent immediately after extraction by pH 
control, thus, "releasing" the previously adsorbed analytes into solution, which 
drastically shortened the experimental time. This also obviated the need for a 
separate elution step, which is generally required of sorbent-based extraction. 
A minor disadvantage is that the sorbent could not be recycled. However the 
small amount (3 mg) of LDH needed each time still makes the method 
relatively economical. This dissolvable sorbent proof-of-concept study 
provides the potential of enabling an automated DSPE system for 
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environmental water analysis without reliance on conventional, commercially 
dedicated extraction systems and devices, if suitable LDHs are designed and 
used, and provided that an efficient way to separate the sorbent from the 
sample solution is devised (e.g. by using magnetic LDHs that can be 




Chapter 3 In-syringe dispersive solid-phase extraction using dissolvable 
layered double oxide hollow spheres as sorbent for determination of 11 
phenols in river water. 
3.1. Introduction 
The LDHs sheets are layered tightly due to the electrostatic force between 
positively-charged layers and interlayer anions (Figure 3-1a). However, this 
aggregation tendency reduces the active area of LDHs, limiting the full 
exploitation of their potential extraction capability. According to previous 
work,
100
 calcined LDHs, namely layered double oxides (LDOs), usually have 
higher specific surface area than LDHs. Due to their "memory effect",
101-102
 
LDO can capture water molecules and anions to reconstruct its layer structure 
when it is contact with aqueous solution, which ensures its anion-exchange 
and adsorption ability (Figure 3-2). LDOs have been applied as sorbents to 
remove organic acid anions,
103-106
 inorganic acid anions,
107-108
 and inorganic 
nonmetallic elements
100




 et al reported the synthesis of layered double oxide 
hollow spheres (LDO−HSs) using LDHs as precursors. LDHs sheets can 
disperse and attach to negatively charged carbon spheres by electrostatic force, 
and convert to LDO−HSs after calcination.109 This type of hollow spheres has 
much higher specific surface area than that of conventional LDHs.
110-111
 Their 
low density and high surface area make them promising sorbents in 





Figure 3-1. SEM images of the (a) LDH and (f) LDO−HSs; TEM images of 
the (b) LDH, (c) CSs, (d) CSs@LDH, and (e) LDO−HSs 
 
 
In the previous Chapter, the process of DSPE was simplified by applying a 
dissolvable sorbent to eliminate the analyte elution step.
36, 112
 However, 
centrifugation was still needed in the separation step, which was an added 
inconvenience, and which therefore would not allow complete automation of 
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the extraction workflow. 
 
 
Figure 3-2. Structures of LDH and LDO-HSs: synthesis and extraction 
 
Phenols are toxic compounds occurring in the aquatic environment because 
they are widely used in agriculture and industry.
113
 The United States 
Environmental Protection Agency (US EPA) has highlighted some of them as 





In this work, Mg/Al−LDO−HSs were synthesized and characterized and, for 
the first time, was used as sorbent in DSPE in the determination of 11 US EPA 
listed phenols (Table 3-1) in aqueous solution. A syringe was used to conduct 
the extraction using the dissolvable material as sorbent. This in-syringe DSPE 
approach with HPLC, were then applied to the determination of phenols in 













500 Ph 4.51 
4-Nitrophenol  
 
2500 4NP 5.20 
2-Chlorophenol 
 
500 2CP 6.39 
2,4-Dinitrophenol 
 
1500 24DNP 6.78 
2-Nitrophenol 
 
500 2NP 7.06 
2,4-Dimethylphenol 
 
500 24DMP 7.91 
4-Chloro-3-methylphenol 
 
2500 4C3MP 9.03 
2,4-Dichlorophenol 
 
500 24DCP 9.79 
2-Methyl-4,6-dinitrophenol 
 
2500 2M46DNP 9.95 
2,4,6-Trichlorophenol 
 
1500 246TCP 12.04 
Pentachlorophenol 
 






3.2.1 Apparatus and reagents 
The phenols were purchased as a mixture from Sigma-Aldrich (St. Louis, MO, 
USA). (The 11 phenols have different original concentrations (Table 3-1) as 
supplied. All the samples in this work were spiked with mixtures of the 11 
phenols. However, for the sake of simplicity, the concentration of phenol (Ph) 
was taken as the reference in terms of the concentrations of the individual 
analytes in each mixture). D-glucose (99%), and boric acid (98%) were bought 
from Sigma-Aldrich. Sodium hydroxide was purchased from Dickson 
(Singapore).  
 
Transmission electron microscopy (TEM) was conducted with a high 
resolution JEOL JEM-3010 system at 300 kV. Specific 
Brunauer-Emmett-Teller (BET) surface area was calculated from the N2 
adsorption isotherms measured at -196 °C using a Micromeritics ASAP 2020 
system (Norcross, CA, USA). 
 
3.2.2 Synthesis of sorbent 
3.2.2.1 Preparation of carbon spheres
109
 
D-glucose (16.0 g) and boric acid (2.0 g) were dissolved in 40 mL of pure 
water. The aqueous solution was sealed in a Teflon-lined stainless steel 
autoclave at 180°C for 6 hrs. The obtained powder was centrifuged and dried 
at 60 °C overnight. 
 





Mg/Al−NO3−LDH was prepared by a hydrothermal treatment according to the 
co-precipitation method proposed by Reichle.
86
 The LDO was obtained from 
calcining LDH in a muffle furnace at 500 °C for 8 hrs. 
 
3.2.2.3 Preparation of LDO−HSs109 
Mg/Al-NO3-LDH (2.0 g) was dispersed into 40 mL of pure water, then 0.2 g 
of carbon spheres was added to the suspension followed by ultrasonication for 
20 min. After reaction, centrifugation (4000 revolutions per minute, for 6 min) 
was applied to separate the uncoated LDH in the supernatant and precipitate 
(denoted as CSs@LDH). The precipitated powder was dried at 60 °C for 3 hrs. 
The CSs@LDH was calcined in a muffle furnace at 500 °C for 8 hrs, to give 
the product, LDO−HSs (Figure 3-2). 
 
3.2.3 Extraction process 
Figure 3-3 illustrates the extraction procedure. LDO−HSs (6.0 mg, which was 
previously optimized (result not shown)) was added to 100 mL of sample 
solution. The mixture was taken up into a 150 mL syringe, whose outlet was 
plugged with a plastic stopper. Subsequently, the syringe was ultrasonicated at 
the designated temperature. After extraction, the plastic stopper was replaced 
with a needle assembly packed with glass wool held within two sheets of filter 
paper (see Figure 3-3). The solution was slowly expelled from the syringe to 
leave the sorbent behind. Then 200 µL of a 10% TFA aqueous solution 
(prepared in a 250 µL glass insert) was withdrawn into the syringe to dissolve 
the sorbent containing the analytes. The plunger was moved to-and-fro 8−10 
times to ensure that the sorbent was completely dissolved, releasing the 
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analytes. Finally, 20 µL of the solution (added to a 250 µL glass insert) were 
injected into the HPLC system for analysis. 
 
Figure 3-3. Schematic of the in-syringe DSPE process 
 
3.2.4 HPLC analysis 
Chromatographic analysis was performed on an Agilent 1200 LC system (Palo 
Alto, CA, USA) consisting of a quaternary pump, vacuum degasser, 
autosampler and a diode array detector (DAD). A Phenomenex Kinetex-C18 
(Torrance, CA, USA) column (100 mm× 4.60 mm internal diameter, 2.6-μm 
particle size) was used for separation. The column temperature was 
maintained at 40 °C. The mobile phase was acetonitrile (0.1% TFA): water 
(0.1% TFA). Gradient elution with a flow rate of 0.8 mL/min was applied: The 
proportion of acetonitrile was varied from 20% to 80% in 20 min. The 




3.3 Results and Discussion 
3.3.1 Characterization 
Figure 3-1 shows the morphology of LDH, CSs@LDH, and LDO−HSs. The 
LDH sheets were thin platelets with approximate size in the range of 100 nm 
(Figure 3-1b). CSs had uniform diameters in the range of between ca. 700 and 
800 nm (Figure 3-1c). The core-shell structure formed after the LDH sheets 
were coated on the CSs, and the diameter of CSs expanded to ca. 1200 nm 
(Figure 3-1d). However, at the same time, the size of LDO−HSs shrank to 
500-600 nm (Figure 3-1e and f), an observation also reported in previous 
work.
109




The XRD patterns of these materials are shown in Figure 3-4. The LDH 
showed a pure and well-crystallized LDH phase (Figure 3-4a). The sharp and 
intense diffraction peaks around 11°, 23°, 35°, 60°-62° corresponded to the 
(003), (006), (009), (110), (113) planes of the LDHs crystal structure.
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CSs@LDH had a similar XRD pattern (Figure 3-4b); while the intensity of 
some peaks varied, probably since the LDH sheets have specific orientations 
when they were coated on the surface of the CSs. After calcination, the LDH 
was converted to LDO. According to previous work, the (200) and (220) 
planes can be assigned to cubic phased MgO (Figure 3-2 and 3-4d).
116
 It can 
be seen that LDO−HSs had the same phases (Figure 3-4c) as LDO, also 
proving that they were essentially the same material. The specific surface 
areas of LDH, LDO, and LDO−HSs were found to be 74.25, 101.61, and 
262.91 m
2
/g, respectively (Figure 3-5). Due to the structure of the hollow 





Figure 3-4. XRD patterns of (a) LDH, (b) CSs@LDH, (c) LDO−HSs, and (d) 
LDO 
 
From the results of the characterization studies, it can be concluded that during 
the synthesis and extraction process, the structure and morphology of the 
sorbent went through a four-stage change (Figure 3-2): (1) LDH sheets with 
layered structure coating on the carbon spheres formed LDH@CSs; (2) LDO 
hollow spheres (layered structure collapsed to cubic phase) formed after 
calcination; (3) During extraction (Figure 3-3), layered structure was rebuilt, 
i.e., the LDO was converted to LDH again. However, the original anions were 
replaced by the analytes; and (4) the crystal structure of LDH was destroyed 






Figure 3-5. Comparison of the extraction efficiencies of three sorbents, LDH, 
LDO, LDO−HSs for all analytes: Sample was spiked with mixture of analytes 
at 20 µg/L of Ph as reference, Conditions: sample volume, 100 mL; extraction 
time, 20 min; temperature, 40 °C; pH, 7. Error bars show the standard 
deviation (n = 3). 
 
 
3.3.2.1 Comparison of sorbents 
The LDH, LDO and LDO−HSs had different specific surface areas and 
extraction efficiencies in DSPE. The comparative results are shown in Figure 
3-5. It can be seen that there was a positive correlation between enrichment 
factor (EF) and specific surface area. With the LDO−HSs, which had higher 
specific surface area, higher EFs than those obtained by the other sorbents 
were achieved. In the extraction process, the extraction ability of LDH is 





 For LDO and LDO−HSs, these processes are (1) 
intercalation (regeneration of interlayer structure) and (2) physisorption.
118-119
 
Obviously, a high specific surface area of the sorbent is beneficial for all these 
processes, and therefore also to extraction efficiency. Taking into account the 
above results, LDO−HSs were considered to be the most suitable sorbent to 
conduct further experiments with. 
 
3.3.2.2 Effect of pH 
 
Figure 3-6. Effect of pH. Conditions: 20 µg/L of Ph used as reference for all 
analytes spiked into sample solution; sample volume, 100 mL; temperature, 
40 °C; extraction time, 20 min. Error bars show the standard deviation (n=3). 
 
 
To investigate the influence of pH on extraction efficiency, the pH values of 
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the sample solution were adjusted in a range of between 4 and 11 by 0.25 mol 
L
-1
 HNO3 or NaOH solution. Figure 3-6 shows that the EFs were enhanced 
when pH values were between 4 and 7. The probable reasons are (1) the 
LDO−HSs dissolved in strong acidic media, and (2) the ionization of analytes 
was enhanced. However, the EFs decreased when pH was > 7. Since the pH 
corresponded to the pHpzc (pzc: point of zero charge of surface) of LDO−HSs, 
the interaction between LDO−HSs and analytes was reduced when the surface 
positive charge decreased.
16





 Due to the strong competitive ability of OH
-
 in the intercalation process, 
the extraction efficiency of LDO−HSs was decreased. Considering these 
results, a pH of 7 was adopted as the most favourable value for further 
experiments. 
 
3.3.2.3 Effect of temperature 
A series of extraction temperatures from 25 to 60 °C was studied, and the 
results are shown in Figure 3-7. It can be seen that the EFs were enhanced 
with increasing temperature. Generally, high temperature promotes the 
migration of analytes from the aqueous solution to the sorbent particles. The 
degree of contact between analytes and sorbent is thus increased, resulting in 
faster equilibrium.
90-92
 However, it was found that at higher temperature, 
repeatability was not satisfactory. This is probably because adsorption is an 
exothermic process and an elevated temperature could have led to the 
desorption of the analytes from the sorbents. According to previous work, the 
anion-exchange capability can be affected by the temperature, and the most 





 Therefore, in this work, 60 °C was chosen as the extraction 
temperature.   
 
Figure 3-7. Effect of extraction temperature. Conditions: 20 µg/L of Ph used 
as reference for all analytes spiked into sample solution; sample volume, 100 
mL; extraction time, 20 min; pH, 7. Error bars show the standard deviation 
(n=3). 
 
3.3.2.4 Effect of extraction time 
The influence of extraction time was also investigated. Experiments were 
carried out from 5 to 60 min. As can be seen in Figure 3-8, the EFs increased 
significantly when extraction time was varied from 5 to 20 min, after which 
the EF profiles flattened out at 30 min for all phenols except for 2M46DNP 
which showed a slight increase. This is possibly attributed to that 2M46DNP 
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has a relatively larger molecular volume, and a longer time was needed for the 
exchange and extraction processes to occur. Considering the extraction 
efficiency, since no significant increase was observed after a longer extraction 
time, 30 min was adopted as the most favourable extraction time. 
 
Figure 3-8. Effect of extraction time. Conditions: 20 µg/L of Ph used as 
reference for all analytes spiked into sample solution; sample volume, 100 mL; 
temperature, 60 °C; pH, 7. Error bars show the standard deviation (n=3). 
 
3.3.3 Method evaluation 
The linearity, precision, repeatability, LODs, LOQs and EFs were measured to 
assess the performance of this method under the most favourable conditions, 
























Ph 0.5-40 0.9992 2.4 0.036 0.121 66 
4NP 0.5-40 0.9996 3.2 0.040 0.132 67 
2CP 0.1-20 0.9968 2.9 0.017 0.057 459 
24DNP 0.2-20 0.9967 3.6 0.022 0.072 130 
2NP 0.5-20 0.9975 6.7 0.045 0.149 106 
24DMP 2-40 0.9994 5.2 0.153 0.507 36 
4C3MP 0.5-40 0.9984 3.2 0.057 0.190 41 
24DCP 0.5-20 0.9982 4.4 0.079 0.260 82 
2M46DNP 0.1-20 0.9997 3.1 0.011 0.035 298 
246TCP 0.2-20 0.9988 6.4 0.034 0.111 118 
PCP 0.05-20 0.9956 2.9 0.005 0.018 285 
a
Calculated from sample spiked at LOQ levels. 
b
Calculated from sample spiked at a concentration of 10 µg/L. 
 
This method exhibited good linearity of the calibration curves, with 
coefficients of determination (r
2) ≥ 0.9956. The RSD % were ≤ 6.7%, 
calculated at 2 µg/L spiked concentration levels. Based on a signal-to-noise 
(S/N) ratio of 3, the LODs were between 0.005 and 0.153 µg/L. The LOQs, 
based on S/N=10, ranged from 0.018 to 0.507 µg/L. EFs were measured to be 
between 36 and 459. In previous work, in the analysis of US EPA listed 
phenols, conventional SPE or SPME were usually applied as the 
preconcentration step.
120-127
 As can be seen from Table 3-3, the LODs obtained 
in this work were lower than those previously reported using Amberlite XAD 
2,
123-124




 or three 
dimensionally honeycomb-LDH
27
 as sorbents, and in the same range as those 
obtained when poly(styrene−divinylbenzene) (PS−DVB)127 or C−18 bonded 
silica
126
 were employed. 
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 LOD (µg/L) ref 
SPE/GC-MS PS−DVB 0.002-0.6 120 
SPE/NACE-UV PS−DVB 0.028-0.629 
121
 
SPE/HPLC-UV olive wood 0.23-0.48 
122
 
SPE/GC-MS Amberlite XAD 2 0.3-0.6 
123
 









SPE/GC-FID C−18 bonded silica 0.03-0.14 126 
SPE/GC-MS PS−DVB 0.007-0.09 127 
HS-SPME/GC-MS TDH-LDH 0.02-5.8 
27
 




(NACE: non-aqueous capillary electrophoresis; FID: flame ionization 
detection) 
b
(TDH-LDH: three dimensionally honeycomb-layered double hydroxide) 
 
3.3.4 Real sample analysis 
To evaluate the applicability of the method, the analysis of river water samples 
was conducted. The river water samples were collected from 4 collection 
points along 3 local rivers (Rochor River, Geylang River, Kallang River). The 
Rochor River and Geylang River flow into the Kallang River basin (Figure 
3-9). 
 
In sample A (point A, Rochor River), 0.13 µg/L of Ph and 0.45 µg/L of 24DNP 
were detected. Values of 0.54 µg/L of Ph, 0.59 µg/L of 4NP and 0.22 µg/L of 
2M46DNP were found in sample B (point B, Geylang River), and in 
sample C (point C, Kallang River), 0.16 µg/L of Ph and 0.23 µg/L of 2CP 
were detected. All the five compounds (Ph, 4NP, 2CP, 24DNP, 2M46DNP) 
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were detected in sample D (point D, Kallang River) at concentrations of 0.33, 
0.38, 0.19, 0.12, 0.08 µg/L respectively (Table 3-4). 
 
 
Figure 3-9. Collection points of river water samples 
 
To assess matrix effects, sample D was spiked to levels of the analytes in a 
mixture corresponding to 1 µg/L of Ph, and subjected to the extraction. The 
relative recoveries (RRs), defined as the ratio of peak areas of the spiked river 
water extracts to those of the spiked ultrapure water extracts, were above 95.1% 
for all compounds, demonstrating that the matrix effects of river water 
samples were insignificant. Figure 3-10 shows the chromatogram of an extract 
of sample D, with and without spiking, indicating that the developed 
procedure was suitable to determine US EPA listed phenols in real water 




Table 3-4. Summary of results from analysis of phenols by the developed 
method in river water samples from 4 collection points 
Analyte 
Concentration (µg/L) (RSD %, n=3)  













Ph 0.13 (5.5) 0.54 (3.2) 0.16 (4.1) 0.33 (8.3) 124 (6.7) 
4NP nd 0.59 (3.4)  nd 0.38 (5.3) 104 (2.0) 
2CP nd < LOQ 0.23 (3.9) 0.19 (4.1) 109 (8.9)  
24DNP 0.45 (7.1) < LOQ nd 0.12 (2.7) 101 (1.9)  
2NP nd nd nd nd 95.1 (4.9) 
24DMP nd < LOQ < LOQ nd 98.3 (5.0) 
4C3MP nd nd nd nd 95.2 (3.6) 
24DCP nd nd nd nd 93.9 (1.4) 
2M46DNP nd 0.22 (2.4) nd 0.08 (5.9) 100 (2.2) 
246TCP nd nd nd nd 96.3 (4.2) 
PCP < LOQ nd nd < LOQ 98.2 (2.4) 
a
unspiked river water samples 
b
river water samples spiked with analytes (mixture of phenols) at levels of 1 
µg/L (concentration of Ph) 
 
3.4 Conclusion 
LDO−HSs were used as sorbent in DSPE, presenting good extraction 
efficiencies for the analysis of US EPA listed phenol. The developed method 
achieved lower LODs compared to previous studies, good linearity and 
acceptable repeatability. The procedure, conducted in a syringe, was 
demonstrated to be a simple, convenient and efficient method for the 
extraction of phenols in aqueous samples. Due to the high specific surface area, 
LDO−HSs (262.91 m2/g) showed better extraction performance than 
conventional sorbents, as demonstrated here (Table 3-3). It is conceivable that 
the syringe can be affixed to a modern autosampler system, to provide a 
possible automated DSPE approach. When using dissolvable LDO−HSs as 
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sorbent, the classical elution step can be replaced by dissolution of the 
sorbent-analyte moiety to give a directly analyzable extract. 
 
Figure 3-10. Chromatogram of extract after DSPE of (a) water sample D 
spiked with a mixture of phenols at a concentration level of 1 µg/L of Ph used 
as reference; and (b) unspiked water sample D. Conditions: temperature, 60 °C; 
pH, 7; extraction time, 30 min. Peak identities: (1) Ph; (2) 4NP; (3) 2CP; (4) 
24DNP; (5) 2NP; (6) 24DMP; (7) 4C3MP; (8) 24DCP; (9) 2M46DNP; (10) 





Chapter 4 Automated dispersive solid-phase extraction using dissolvable 
Fe3O4-layered double hydroxide core-shell microspheres as sorbent 
4.1 Introduction 
There are difficulties in automating DSPE since the two separation steps 
(isolation of the sorbent from the sample solution after extraction, and 
separation of the eluent and the analyte-enriched sorbent after elution) usually 
require centrifugation. These steps are also difficult to couple with the others 
(e.g. analysis) automatically and seamlessly. This disadvantage limits the 
applicability of DSPE when a large number of samples are considered, since 
in such a situation, automation would be desirable. 
 
Notwithstanding the above, a commercial automated DSPE approach, called 
disposable pipette extraction (DPX), is available.
34-35
 Here, loose sorbent is 
encased in a proprietary and closed pipette device. The method is limited, 
however, by the types of sorbents available that are supplied only in the 
pipette format, by a small number of vendors. It is generally troublesome to 
attempt to use one’s own sorbent for DPX, since the pipette device is a 
specialized item. So far DPX is generally limited to the analysis of pesticides 
in fruits and vegetables.
34-35, 128
 To conduct DPX, the sample (fruits and 
vegetables) needs to be pretreated (homogenized), and the analytes are taken 
into a relatively cleaner liquid sample. DPX is then conducted on the latter. 
For DPX, the amount of sorbents used is > 100 mg,
34-35, 129
 making it less than 
environmentally friendly (i.e., wasteful). Thus, an automated DSPE approach 
which allows wider accessibility to those who wish to apply their own 




The application of LDHs as sorbents has been actively investigated.
130
 An 
interesting feature of these sorbents is that they dissolve when the pH of the 
solution is lower than 4. Thus, the analyte elution step, as needed in 
conventional SPE, can be obviated by dissolving the sorbent in acid after 
extraction and separation from the sample solution, as reported previously.
36
 
Earlier, Duan et al reported the use of LDHs coated on the surface of Fe3O4 
microspheres for the removal of proteins from biosamples.
131
 Magnetism was 
utilized for the phase separation of the sorbent from the sample solution. In 
this manner, the centrifugation step was rendered unnecessary, although all the 
other usual SPE operations were conducted manually. 
 
Pharmaceuticals and personal care products (PPCPs) include thousands of 
chemicals that are found in medicinal drugs, active ingredients of personal 
care products, as well as those chemical used in the agricultural and animal 
husbandry industries.
132
 They have been detected in water supplies and 
sewerage effluents from all over the world.
133-136
 They are considered as 
harmful contaminants affecting wildlife and humans,
132
 and have thus been 
attracting attention from environmental scientists.  
 
In this work Fe3O4-layered double hydroxides (Fe3O4-LDH) core-shell 
microspheres were synthesized and utilized as a dissolvable sorbent in a new, 
fully automated DSPE approach. Four types of PPCPs (Table 4-1) 
(acetylsalicylic acid (ASA), 2,5-dihydroxybenzoic acid (DBA), 
2-phenylphenol (PP), fenoprofen (FP)) were considered as model analytes 
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(Figure 4-1b) to demonstrate the feasibility of the automated approach. In this 
process, a suspension of Fe3O4@LDH was dispersed in the sample solution for 
DSPE. After extraction, the PPCPs-enriched sorbent was isolated using a 
magnet. The supernatant was then removed and acid was added to the sorbent 
to dissolve it and release the analytes, after which the extract was directly 
injected into a high-performance liquid chromatography (HPLC) system. All 
operations were conducted automatically. The procedure was applied to the 
determination of the PPCPs in a sewage sample, and ASA and FP in drug 






















Figure 4-1. Schematic of automated DSPE. The collection of the final extract 
and injection into the HPLC system are also automated. 
 
4.2 Experimental 
4.2.1 Apparatus and reagents  
ASA (99%), DBA (99%), PP (99%), FP (99%) and sodium acetate (99%) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Iron (III) chloride (98%) 
was bought from Acros Organics (Geel, Belgium). HPLC-grade acetonitrile 
was procured from Tedia (Fairfield, IA, USA). A sewage sample was collected 
from a wastewater treatment plant. Aspirin and fenoprofen calcium capsules 
were bought from a local drugstore.  
 
Magnetic hysteresis data were obtained on a Lakeshore 7404 Vibrating 




4.2.2 Synthesis of Fe3O4-LDH core-shell microspheres  
The magnetic Fe3O4 microspheres were synthesized using a solvothermal 
method that has been reported previously.
131
 Briefly, ca. 2.70 g of FeCl3·6H2O 
and 7.20 g of sodium acetate were dissolved in 100 mL of ethylene glycol. The 
resulting yellow homogenous solution was transferred to an autoclave and 
placed in the oven for 8 hr at 190°C. The Fe3O4 product was isolated from the 
solution with the help of a magnet and washed three times with ethanol, before 
being dried at 60°C for 24 hr.  
 
For the synthesis of Fe3O4-LDH core-shell microspheres, the mole ratio of the 
reagents used was 4.5 : 1.5 : 1 / Mg(NO3)2·6H2O : Al(NO3)3·9H2O : Fe3O4. 
Adhering to this ratio, the required mass of Fe3O4 microspheres was 
determined and dispersed in 30 mL of ultrapure water for 20 min. The 
resulting homogenous black suspension was then agitated by a mechanical 
stirrer. The corresponding masses of Mg(NO3)2·6H2O and Al(NO3)3·9H2O 
were dissolved and added to the Fe3O4 suspension. The pH of the solution was 
adjusted to 11 by adding 1M NaOH solution. After the addition was complete, 
the suspension was stirred for 1 hr at ambient temperature. The resulting 
Fe3O4-LDH core-shell microspheres were washed copiously with ultrapure 
water. The product was then subsequently dried in the oven at 60°C for 24 hr. 
 
4.2.3 Automated DSPE procedure 
The DSPE was performed automatically by a CTC Analytics CombiPAL 
autosampler with a built-in agitator (Zwingen, Switzerland) and with the aid of 
the Cycle Composer software (CTC Analytics). A 100 μL Hamilton 
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G100-22S-3 syringe (Reno, NV, USA) controlled by the autosampler was used 
for both extraction and injection of the extracts into the HPLC system. All the 
following steps were performed automatically: First, a vial (1.5 mL, purchased 
from Alpha Analytical, Singapore) containing the sorbent suspension (5 mg 
Fe3O4-LDH in 1 mL of pure water) was transferred by the autosampler to the 
agitator and agitated at 600 rpm for 15 s to maintain its homogeneity. After 
agitation, 20 µL of the suspension was withdrawn into the syringe, then 
injected into the aqueous sample (1 mL) (Figure 4-1a). The sample vial was 
transferred to the agitator, and agitated during DSPE. After extraction, the 
sample vial was transferred to an autosampler tray position in which a magnet 
was pre-positioned. The vial was seated in this position for 1 min in order for 
the magnet to attract, immobilize and isolate the sorbent (Figure 4-1b). With 
the vial maintained as such, the syringe was programmed to remove and 
discard 1010 µL of supernatant ([100 µL x 10 times] + [10 µL x 1 time]). 
(Since the autosampler is a one-syringe system, all operations were conducted 
using this single syringe.) Ten microliters of supernatant and sorbent were left 
in the vial (Figure 4-1c). The syringe, after rinsing, was then controlled to 
withdraw 10 µL 50% TFA from a reagent vial to add to the sample vial which 
was then transferred to the agitator for agitation at 600 rpm at 50 °C for 5 min 
to dissolve the sorbent. After this, the vial was transferred out of the agitator. 
Finally, 10 µL of the extract was collected and injected into the HPLC system 
(Figure 4-1d). The syringe was rinsed and the DSPE and HPLC analysis cycle 
was then repeated for each subsequent sample. In this work, we demonstrated 
the conduct of six automated DSPE-HPLC analysis experiments (i.e., 




The sewage sample was used without any pretreatment. Sample pretreatment 
of drug preparations prior to DSPE was conducted automatically as well. For 
the drug capsules, one milligram of powder from each capsule was placed 
separately in a 20 mL of 0.2% HCl solution (A). The following serial dilution 
(since the original concentrations of the active ingredients in the drug capsules 
were outside the linearity range of the analytes established in the optimized 
experiments) process was performed automatically by the CTC Analytics 
CombiPAL autosampler (Zwingen, Switzerland) with the aid of the Cycle 
Composer software (CTC Analytics). For each sample, after the powder was 
completely dissolved, 10 µL of solution (A) was withdrawn and transferred to 
a vial contain 990 µL pure water (solution B). The vial containing solution B 
was then transferred to the agitator and agitated at 600 rpm for 15 s to 
maintain its homogeneity. After agitation, 100 µL of solution B was 
withdrawn into the syringe, then injected into a vial contain 900 µL pure water 
(solution C). The vial containing solution C was transferred to the agitator, and 
agitated at 600 rpm for 15 s. Solution C, as the sample solution, was then 
processed by the automated extraction method developed in this work, before 
the HPLC analysis. 
 
4.2.4 HPLC analysis 
Chromatographic analysis was carried out on a Shimadzu 8080 LC system 
(Kyoto, Japan) consisting of two pumps, a column oven and a PDA detector. 
The CTC Analytics CombiPAL autosampler was directly coupled to the HPLC 
system. Data acquisition and processing were accomplished using 
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LC-Solution (Shimadzu) data analysis software. A Phenomenex Kinetex-C18 
(Torrance, CA, USA) column (100 mm × 4.60 mm internal diameter, 2.6 μm 
particle size) was used for separation. The column temperature was held at 
40 °C. The mobile phase consisted of water (0.1% TFA) and acetonitrile (0.1% 
TFA), and was applied in a gradient mode. The gradient was started with 20% 
acetonitrile (0.1% TFA) and linearly increased to 80% in 20 min at a flow rate 
of 0.4 mL/min. The detection wavelength was set at 226 nm. 
 
4.3 Results and Discussion 
4.3.1 Characterization of Fe3O4-LDH core-shell microspheres 
The TEM images of the pristine Fe3O4 and Fe3O4-LDH core-shell 
microspheres are shown in Figure 4-2. It can be observed that the spherical 
pristine Fe3O4 particles (Figure 4-2a) are approximately 300 nm in diameter. 
In Fe3O4-LDH (Figures 4-2b and c), the LDH sheets are coated in a 
flower-like morphology. With the added layer of LDH on the surface, the 
Fe3O4-LDH core-shell microspheres have a diameter of ca. 500-600 nm. 
 
 




Figure 4-3. XRD patterns of (a) LDH, (b) Fe3O4-LDH, and (c) Fe3O4 
 
Figure 4-3 shows the XRD patterns of the 3 kinds of materials involved in this 





 correspond to the (003), (006), (009)+(012), (110), and (113) 
planes.
87
 Meanwhile, the series of characteristic peaks at 2θ = 30.17°, 35.46°, 
43.38°, 53.69°, 57.23°, and 62.77° correspond to the (220), (311), (400), (422), 
(511), and (440) planes respectively, which agree with standard magnetite 
(Fe3O4) XRD patterns.
137
 The cubic spinel structure (inverse spinel) of the 
Fe3O4 nanoparticles can also be identified. It can also be observed that the 
XRD spectrum of the core-shell Fe3O4-LDH core-shell microspheres contain 
the peaks of both Mg-Al LDH and Fe3O4, substantiating that both phases are 
present in its structure. 
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Figure 4-4. Magnetic hysteresis loops for LDH, Fe3O4, and Fe3O4-LDH. Inset: 
Images of Fe3O4-LDH core-shell microspheres dispersed in an aqueous 
solution (left) and phase separation after application of a magnetic force (right) 
after 30 sec. 
 
4.3.2 Extraction optimization  
In DSPE, the extraction efficiency depends on the contact probability between 
analytes and sorbent. Without stirring, the sorbent could precipitate. Thus, 
agitation is needed to maintain the dispersion of the sorbent. Agitation speeds 
from 200 to 700 rpm were investigated. It can be seen from Figure 4-5 that 
enrichment factors (EFs) increased with increasing agitation speed and 
reached the maxima at 600 rpm. In general, a high agitation speed leads to 
high dispersity of the sorbent that enhances extraction, via the provision of the 





Figure 4-5. Effect of agitation speed. Conditions: 50 µg/L of analytes in 
spiked sample solution; sample volume, 1 mL; extraction time, 10 min; 
temperature 30 °C; pH 7. Error bars show the standard deviation (n=3). 
 
The Fe3O4-LDH extracted analytes through a direct anion-exchange process. 
The extraction temperature can affect the orientation of analytes in the 
interlayers of LDHs, and proper orientation is conductive to the forming of 
interlayered LDHs.
73
 The effect of temperature on extraction was thus 
evaluated by considering a range of between 30 °C and 70 °C. Figure 4-6 
shows that the EFs (except for ASA and PP) increased significantly with the 
increase of temperature. From the plots shown in the figure, we can conclude 
that the proper arrangement can be achieved for most analytes at above 60 °C. 
To achieve the best extraction efficiency with minimal energy consumption, 
60 °C was considered as the most favourable extraction temperature. 
 
A series of extraction times ranging from 10 to 60 min was studied to evaluate 
the effect of this parameter. The results are shown in Figure 4-7. When 
extraction time was increased from 10 to 20 min, the EFs of all the analytes 
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increased quickly and then remained constant beyond 20 min. Thus, 20 min 
was adopted as the extraction time. 
 
 
Figure 4-6. Effect of extraction temperature: Conditions: 50 µg/L of analytes 
in spiked sample solution; sample volume, 1 mL; agitation speed, 600 rpm; 
extraction time, 10 min; pH 7. Error bars show the standard deviation (n=3).  
 
The influence of pH on extraction based on LDH was investigated. The pH 
values of the sample solution were adjusted in a range of between 5 and 11 to 
investigate the effect. As can be seen in Figure 4-8, initially, the EFs increased 
when pH was raised, since the ionization of analytes was enhanced at a higher 





 all the analytes showed a drop in EFs. In consideration of 
these observations, a pH of 7 was considered optimal in DSPE. The difference 
in EF values among the 4 analytes is mainly due to their negatively charged 
molecular structures. Since PP only has one phenolic hydroxyl group, its 
anion-exchange ability is weakest compared to the other three analytes.  
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Figure 4-7. Effect of extraction time: Conditions: 50 µg/L of analytes in 
spiked sample solution; sample volume, 1 mL; agitation speed 600 rpm; 




Figure 4-8. Effect of pH: Conditions: 50 µg/L of analytes in spiked sample 
solution; sample volume, 1 mL; agitation speed 600 rpm; extraction 
temperature 60 °C; extraction time, 20 min. Error bars show the standard 
deviation (n=3). 
 
4.3.3 Method evaluation  
The linearity, precision, repeatability, LOD, and LOQ were measured to assess 
the performance of the present method by using pure water spiked with the 
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analytes as sample. From the results in Table 4-2, it can be seen that good 
linearity of the calibration plots, with coefficients of determination (r
2) ≥ 
0.9956 were obtained. To evaluate the precision of the method, the RSD%, 
(n=6) were calculated for the extraction and analysis of spiked water samples 
at LOQ levels of the analytes. Based on a signal-to-noise (S/N) ratio of 3, the 
LODs ranged from 0.021 to 0.042 µg/L. The LOQ, based on S/N = 10, ranged 
from 0.071 to 0.139 µg/L. As can be seen in Table 4-3, for ASA and DBA, the 
LODs obtained were lower than those achieved by other types of SPE.
31, 98, 
138-139
 The LODs for FP and PP were slightly higher than those reported in 
























ASA 0.1-100 0.9956 3.0 0.021 0.071 46 
DBA 0.1-100 0.9981 4.1 0.022 0.074 38 
PP 0.5-100 0.9990 2.9 0.042 0.139 14 
FP 0.5-100 0.9975 2.5 0.037 0.122 49 
a
Calculated from the samples spiked at LOQ levels. 
b
Calculated from the samples spiked at a concentration of 50 µg/L. 
 
A comparison of the results of the present work with those of other fully 
automated SPE procedures is shown in Table 4-4. It can be seen that dedicated, 
and mainly commercial, devices are required in all the latter methods.
6-7, 9-11, 
13-15, 23, 34-35, 143-144
 Therefore, in these cases, if researchers wished to use their 
own specially-prepared, customized sorbents, they must be fixed in the 
devices (cartridges, membranes, fibers, capillaries, stir-bars, syringe insets and 
pipettes etc.) before use. On the other hand, our work provides an approach 
that allows in-house synthesized sorbent to be applied to automated SPE 
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without any specialized devices required. Compared to most fully automated 
methods (cartridge or membrane disk-based on-line SPE, headspace SPME, 
direct immersion SPME, in-tube SPME, MEPS, DPX), in the present work 
only 1 mL of sample and 0.01 mL of acid (as solvent) were needed. Although 
SBSE is solventless, a cold trap (-5°C) and thermal desorption processes 
(290 °C) make this technology hard to implement without additional 
accessories, and therefore, expense. Moreover, the extraction time is 
considerable (250 min) due to the low extraction efficiency. For DPX, due to 
the small ratio of sample volume to elution solvent volume,
34-35
 the EF value is 
low (2 to 5-fold), and possibly cannot provide satisfactory LODs for analytes 
at low concentration. In contrast, the present procedure only consumed 0.1 mg 
of sorbent and much higher EFs (14 to 49-fold) could be obtained. Moreover, 
it did not require any specialized device to hold the sorbent. 
Table 4-3. Comparison of LODs of different methods 
Analyte Method
a 










SBSE–HPLC–DAD polyurethane river water 0.8 31 
DBA 
MEPS–UHPLC–PDA C8 wine 0.085 98 







SPE–GC–MS C18 wastewater 0.25 140 




LiChrosphere RP-18 tap water 0.03 
142
 
SPE–GC–MS Oasis MAX sewage 0.01 141 
a





Table 4-4. Comparison with other fully-automated SPE methods  
Method
a

















 /cross linked 
styrene-divinylbenzene 
--- 5-250 0.5-1 60 
6, 14
 
On-line SPE (membrane 
disk-based) 
XAD-2 membrane extraction disks --- 10.5 2.5 55 
7
 
Headspace SPME Fiber / polyacrylate; derivatization with 
pentafluorobenzaldehyde (PFBAY) 
--- 10 0.2 (PFBAY) 25 
9
 
Direct immersion SPME Fiber / polyacrylate; derivatization with 
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) 





In-tube SPME Capillary GC column with its coating / Omegawax 
250; styrene divinylbenzene polymer 




packed sorbent (MEPS) 










DPX tip / anhydrous magnesium sulfate, primary and 
secondary amine, graphitized carbon black and C18 
112.5-250  0.5-1 0.25-0.5 --- 
34-35
 
DSPE Fe3O4-LDH (prepared in house) 0.1  1 0.01 30 This work 
a
DPX methods were conducted on juice from fruits and vegetables; all the other references reported methods that were conducted on water 
samples. 
b
PLRP: Polymeric reversed phase 
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4.3.4 Real sample analysis 
In our work, photodiode array (PDA) detection was applied. For PDA 
detection, since the sorbent and compounds dissolved in the solution 
completely, the solution matrix components, being non-UV-active, did not 
affect the detector directly. The same situation was applicable to the 
dissolvable magnetic particles. In the sample, the particles dissolved in 








) and due to the separation 
by the column these metal ions came out early, with the solvent peak (see 
Figure 4.9), and did not interfere with the compound peaks. 
 
A sewage sample was subjected to automated DSPE-HPLC to evaluate the 
real-world applicability of the method. In the sample, ASA was detected at a 
concentration of 2.39 µg/L. The existence of this compound in sewage and 
river has been reported previously.
145
 In one study, the average concentration 
of ASA was determined to be ca. 1 µg/L in the effluents of municipal sewage 
treatment plants in Germany.
146
 The levels of PP and FP were found to be 
below their LOQs. DBA was not detected, indicating its absence, or its 
concentration was below the LOD of the method. To assess matrix effects, the 
sewage sample was also spiked at 0.5, 10 and 100 µg/L concentration levels of 
all compounds, respectively, and subjected to the procedure. The results are 
shown in Table 4-5. The relative recoveries (RRs) of four analytes were > 
96.3 %. The RSDs were < 4.1 %, n=6. Figure 4-9 shows the chromatogram of 





Table 4-5. Summary of results from analysis of PPCPs in sewage by fully 









































PP < LOQ -- 
100.
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To further demonstrate the applicability of the present procedure, aspirin and 
fenoprofen calcium capsules (containing ASA and FP, respectively) were 
considered. The powder (1 mg) from each capsule was placed separately in a 
20 mL of 0.2% HCl solution (The complete extraction and analytical 
processes were conducted automatically, as described in the Supporting 
Information). From the results shown in Table 4-6, it can be seen that the 
determined amounts (%) of active ingredients were 101% ASA (in aspirin, 
labelled amount: 90-110 %) and 98.4% FP (in fenoprofen calcium, labelled 
amount: 95-105 %), respectively. These values agree very well with the 
information given on the labels of the drugs. The above results indicate the 





Figure 4-9. Liquid chromatogram of extract after automated d-SPE of (a) 
sewage sample spiked with analytes at concentration levels of 10 µg/L of each 
compound and (b) unspiked sewage sample. Conditions: Agitation speed, 600 
rpm; extraction temperature, 60 °C; extraction time, 20 min; pH 7. Peak 
identities: (1) ASA; (2) DBA; (3) PP; (4) FP. 
 
Table 4-6. Results of analysis of aspirin and fenoprofen calcium capsules 











Aspirin ASA  
0.873 g/g 
0.864 g/g 101% 2.5 90%-110% 
Fenoprofen 
calcium 
FP   
0.984 g/g 
1 g/g 98.4% 3.7 95%-105% 
 
4.4 Conclusion 
We have proposed a fully automated procedure integrating DSPE using 
magnetic dissolvable Fe3O4-LDH core-shell microspheres as sorbent, and 
HPLC, to determine PPCPs in aqueous samples, and pharmaceuticals in drug 
preparations. Due to the properties of the microspheres (magnetic and 
dissolvable), the phase separation steps in DSPE could be completely 
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automated, the first time this has been done for dissolvable LDH. Thus, the 
advantages of DSPE (simplicity and effectiveness) and automation (speed and 
precision) were retained. The present procedure also afforded manual 
labor-free convenience after extraction, and in the seamless integration with 
HPLC analysis. Additionally, in the developed method, only small volumes of 
both the sample (1 mL) and of solvent (10 µL) were required. Moreover, even 
though the sorbent could not be recycled (since it was dissolved before 
analysis), only a small amount (ca. 0.1 mg) was needed each time. The entire 
process was thus efficient and economical. This fully automated method was 
demonstrated successfully for its practicality and applicability to the analysis 
of PPCPs in water samples, and pharmaceuticals in drug preparations, and can 
be considered for other compounds in similar matrices. With new and 
tailor-made dissolvable LDHs, it should be possible to extract contaminants in 
water using this sample preparation approach. For example, LDH intercalated 
chelating agents (e.g. ethylenediamintetraacetic acid) can be applied to extract 
cations (e.g. Cu
2+
). There is, therefore, great potential to further expand the 




Chapter 5 Magnetic core-shell Fe3O4@layered double oxide microspheres 
for removal of 2,5-dihydroxybenzoic acid from aqueous solutions 
5.1 Introduction 
The application of LDHs as adsorbents has been rigorously investigated. 
















 from aqueous media under experimental conditions and also in 
real samples. Efficiencies of up to nearly 100% removal have been achieved, 
demonstrating the potency of LDHs as an adsorbent material. As such, LDHs 
emerge as potential sorbents for PPCPs from municipal water supplies. In fact, 
Xu et al recently reported the use of LDHs coated on the surface of SiO2 
microspheres for the removal of non-steroidal anti-inflammatory drugs, 




A fascinating attribute of LDHs is their “memory effect”. The term stems from 
the fact that LDHs that have been calcined at high temperatures are able to 
regenerate their layered structure upon rehydration in moistened air or aqueous 
solution. The LDHs form a mixture of oxides that are sometimes referred to as 
LDOs upon calcination at temperatures of up to 500 °C. These LDOs are able 
to re-construct their original LDH structure after immersion in aqueous 
solutions, and they have also been reported to have a larger adsorption 
capacity than LDHs.
100, 105, 156, 158
 This is mostly because the LDOs incorporate 
anionic analytes from the surroundings into their interlayers during the process 
of reforming their layered structure, in order to counteract the positively 
charged brucite layers and maintain charge neutrality.
159
 Moreover, after 
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reconstruction of the LDH structure, anion exchange can still continue to take 
place to adsorb more analytes from the aqueous surroundings. Thus, the use of 
LDOs as adsorbents can lead to an improvement in their adsorption capacities 
for acidic PPCPs.      
 
2,5-Dihydroxylbenzoic acid (DBA), otherwise known as gentisic acid, is one 
of these newly emerging contaminants. It is a minor byproduct from the 
metabolic breakdown of the common over-the-counter prescription, aspirin. 
Like other PPCPs, DBA has been detected in the effluents from sewage 
treatment plants as well as rivers and streams.
160
 Excess and inappropriate 
consumption or exposure to DBA leads to skin, eye, gastrointestinal and 
respiratory tract irritation.
161
 Long term chronic exposure has more severe 
mutagenic and teratogenic effects. Besides probable harmful effects on 
humans, DBA has been reported to be detrimental to other organisms in the 
ecosystem, such as small planktonic crustaceans.
162
 Given the myriad of 
undesirable ramifications that could possibly be caused by DBA, its removal 
from water supplies is an environmental and biotic imperative. In previous 
reports, purification or removal techniques, such as ozonation-membrane 
filtration or oxidation using functional diamond were applied to remove 




In this work, magnetic core-shell Fe3O4@LDO microspheres were synthesized 
and utilized as novel adsorbents for the removal of DBA from aqueous 
samples (Figure 5-1). The as-synthesized materials were characterized using 
thermogravimetric analysis (TGA), XRD, FTIR spectrometry, TEM, as well as 
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with a vibrating sample magnetometer (VSM). In the experiments, the 
Fe3O4@LDO microspheres were easily recovered and separated from the 
aqueous phase after adsorption via the use of magnetic force, thereby 
considerably simplifying the removal process. The experiments were carried 
out on spiked real river samples. The recyclability of the Fe3O4@LDO 
microspheres was also investigated. The main purpose of this work is 
introduce an effective adsorbent, Fe3O4@LDO microspheres, that can be used 
as to remove DBA and possibly other acidic PPCPs from sewage effluents or 
water treatment plants. 
 
Figure 5-1. Schematic depicting the synthesis of Fe3O4@LDO microspheres, 
and regeneration of the LDH structure with intercalated analyte anion during 
the removal experiments. 
 
5.2 Experimental 
5.2.1 Apparatus and reagents 
2,5-Dihydroxybenzoic acid (99%) and sodium acetate (99%) were purchased 
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from Sigma-Aldrich (St. Loius, MO, USA).  
 
TGA analysis was carried out using a Discovery TGA (New Castle, DE, USA) 
instrument under 25 mL/min N2 flow, from 25 °C to 800 °C, with a 
temperature ramp of 10 °C/min.  
 
5.2.2 Synthesis of adsorbents 
The magnetic Fe3O4 microspheres were synthesized using a solvothermal 
method according to the previously reports.
131, 166
 Briefly, about 2.70 g of 
FeCl3·6H2O and 7.20 g of sodium acetate were dissolved in 100 mL of 
ethylene glycol using mechanical stirring. The resulting yellow homogenous 
solution was transferred to a Teflon-lined autoclave and placed in the oven for 
8 h at 190 °C. The Fe3O4 product was isolated with the help of a magnet and 
washed with ethanol, before being dried at 60 °C.  
 
Ten millimoles (2.32 g) of Fe3O4 microspheres were dispersed in ca. 30 mL of 
ultrapure water. The resulting homogenous black suspension was then 
transferred to a 250mL 3-necked reaction flask attached to a mechanical stirrer 
set at 400 rpm. In the meantime, 45 mmoles (11.54 g) Mg(NO3)2·6H2O and 15 
mmoles (5.63 g) Al(NO3)3·9H2O were dissolved in about 50 mL of ultrapure 
water in a beaker to form a mixed salt solution. One hundred and forty-five 
millimoles (5.80 g) NaOH was dissolved in about 50 mL of ultrapure water in 
another beaker. Both the mixed salt and the NaOH solutions were added 
dropwise simultaneously to the Fe3O4 suspension to maintain the pH at 10.5. 
After the addition was complete, the suspension was stirred at about 400 rpm 
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for 1 hr at ambient temperature. The resulting Fe3O4@LDH microspheres 
were washed copiously with ultrapure water. The product was then 
subsequently dried in the oven at 60 °C.  
 
The Fe3O4@LDH microspheres were calcined at 500 °C for 2 h using a 
temperature gradient of 5 °C /min from ambient temperature to 500 °C to form 
the Fe3O4@LDO microspheres.  
 
5.2.3 Batch removal experiments 
The adsorption of DBA onto the Fe3O4@LDO microspheres was studied using 
batch experiments. In a typical adsorption experiment, 8 mg of Fe3O4@LDO 
microspheres were added to 10 mL of sample solution containing 10 mg/L of 
DBA in a 25 mL conical flask. Where necessary, the pH of the sample solution 
was adjusted using a minimal amount of 1 M NaOH or HNO3. The conical 
flask was placed in an oil bath on a hot plate magnetic stirrer. The temperature 
of the oil bath was adjusted accordingly, and the solution was magnetically 
stirred at about 1000 rpm to ensure homogeneity. After the required amount of 
adsorption time, the Fe3O4@LDO adsorbent was magnetically isolated, and 20 
µL of the supernatant was injected into a HPLC system. 
 
5.2.4 HPLC analysis 
Chromatographic analysis was performed on a Shimadzu (Kyoto, Japan) 
HPLC system consisting of a LC20AD binary pump and an SPD-20A 
ultraviolet-visible (UV-vis) spectrophotometric detector. Chromatographic 
separation was achieved using a Phenomenex Luna 5u C18 (2) (Torrance, CA, 
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USA) column (150 mm × 2.00 mm internal diameter, and packed with 5 µm 
particles). The total time for the chromatographic separation (LC runtime) was 
6 min, with DBA eluting at about 2.15 min. The column temperature was fixed 
at 40 °C and the mobile phase composition was 20:80 / acetonitrile (0.1% 
TFA): water (0.1% TFA). The flow rate was set at 0.5 mL/min and the 
detection wavelengths were set at 226 nm. Data acquisition and processing 
were handled using the LC Solution (Shimadzu) software. 
 
5.3 Results and Discussion 
5.3.1 Characterization of adsorbent 
The TEM images of the pristine Fe3O4, Fe3O4@LDH, and Fe3O4@LDO 
microspheres are shown in Figure 5-2. From the images, it can be observed 
that the spherical pristine Fe3O4 particles (Figure 5-2a) are approximately 250 
nm in diameter. In Fe3O4@LDH (Figure 5-2b), the LDH sheets are coated in a 
flower-like morphology. With the added layer of LDH on its surface, the 
Fe3O4@LDH microspheres have a diameter of ca. 500 nm. After calcination, it 
was visibly clear that the extended sheets of LDH had collapsed to yield the 
Fe3O4@LDO structure (Figure 5-2c). Post-adsorption, the LDH shell was 
reconstructed and the flower-like morphology re-emerged (Figure 5-2d). The 
diameters of the particles exhibited small deviations because calcination 
reduced the sizes of the Fe3O4@LDO microspheres. 
 
In order to obtain the Fe3O4@LDO microspheres, the Fe3O4@LDH precursors 
must be calcined at a temperature high enough to eliminate the native 
interlamellar anions, but yet preserve the capacity of the Fe3O4@LDO to 
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reconstruct their original structures.
167
 When the Fe3O4@LDH microspheres 
were calcined in N2 at a rate of 5 °C per min up to 500 °C (Figure 5-3), the 
thermal decomposition of layered double hydroxides is represented by two 
stages.
168-171
 (1) The first stage (up to about 200 °C) was the removal of water 
physisorbed on the external surface of the crystallites as well as water 
intercalated in the interlayer galleries, and (2) the second stage (200 to 310 °C) 
was the destruction of the layered structure, involving the dehydroxylation of 
the OH
-
 intralayer anions and loss of volatile species (NOx in this work) which 
were formed by thermal decomposition of the interlayer anions (NO3
-
 in this 
work). 
 





Figure 5-3. TGA curves of Fe3O4@LDH (a) and Fe3O4@LDO post-adsorption 
(b); DTG curves of Fe3O4@LDH (c) and Fe3O4@LDO post-adsorption (d). 
 
For the recycling experiments, the post-adsorption Fe3O4@LDO microspheres 
must be re-calcined at a temperature high enough to remove the DBA 
adsorbed in the interlayer. To determine a suitable temperature for the 
re-calcination, TGA was carried out on the post-adsorption Fe3O4@LDO 
microspheres. As shown in Figure 5-3, the mass loss at about 300 °C can be 
attributed to the elimination of the intercalated DBA from the post-adsorption 
Fe3O4@LDO microspheres. The mass loss for post-adsorption Fe3O4@LDO 
microspheres was about 15.5%, which is greater than the 8.3% for 
Fe3O4@LDH. This is probably because DBA has a greater molecular weight 
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compared to nitrate ions, and hence a greater percentage of weight loss occurs 
when DBA is eliminated. Therefore, a re-calcination temperature of 500 °C 
will be sufficient to remove the adsorbed DBA to regenerate the adsorbent for 
recycling experiments. Therefore, the chosen calcination temperature of 
500 °C is sufficient to both eliminate the native anions in the Fe3O4@LDH 
precursors, as well as is adequate to remove the intercalated DBA in 
post-adsorption Fe3O4@LDO, whilst also preserving the reconstruction 
capability of the LDO. 
 
Figure 5-4 shows the XRD patterns of the 5 kinds of materials involved in this 
work. For the Mg-Al LDH, the diffraction peaks at about 2θ = 11o, 23o, 35o, 
and 61
o
 correspond to the (003), (006), (009)+(012), (110), and (113) planes 
typically found in LDH structures.
172
 Meanwhile, the series of characteristic 
peaks at 2θ = 30.17°, 35.46°, 43.38°, 53.69°, 57.23°, and 62.77° correspond to 
the (220), (311), (400), (422), (511), and (440) planes, respectively, which 
agree with standard magnetite (Fe3O4) XRD patterns. The cubic spinel 
structure (inverse spinel) of the Fe3O4 nanoparticles can also be identified. It 
can also be observed that the XRD spectrum of the core-shell Fe3O4@LDH 
microspheres contains the peaks of both Mg-Al LDH and Fe3O4, 
substantiating the fact that both phases are present in its structure. The 
diffraction pattern for Fe3O4@LDO contains mild and broad peaks at 2θ = 43° 
and 62°, is similar to magnesium oxide (MgO), a material with low structural 
order (Figure 5-1),
173
 thus indicating that the LDH has been converted to LDO 
after calcination. After immersion in the aqueous sample which initiates the 
reconstruction of the LDH structure (Figure 5-4, Fe3O4@LDO 
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post-adsorption), the LDH peaks at (003), (006), and (009) can be seen to 
reappear. This supports the conclusion that the Fe3O4@LDO microspheres 
have a “memory effect”, and they rebuild their LDH structure upon contact 
with aqueous solutions, incorporating neighboring anions (such as the DBA 
analyte in this case) into their interlayer spaces.   
 
Figure 5-4. Top to bottom – XRD Spectra of Fe3O4, LDH, Fe3O4@LDH, 
Fe3O4@LDO, and Fe3O4@LDO-post adsorption. 
 
Figure 5-5 shows the FT-IR spectra of the 4 materials used in this study. The 
Mg-Al-LDH displays the characteristic O-H bending at about 1600 cm
-1
 as 




of both the hydroxyl groups in the 
brucite layers as well as the hydroxyl groups in the interlayer water molecules. 
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The stretching of the interlayer nitrate (NO3
-
) is responsible for the peak at 
about 1400 cm
-1
, while the peak at 600 cm
-1
 is caused by metal-oxygen-metal 
stretching.  
 
Figure 5-5. FT-IR Spectra of Fe3O4, Fe3O4@LDH, LDH, and Fe3O4@LDO. 
 
For pristine Fe3O4, the peak at about 623 cm
-1
 is caused by the Fe-O 
symmetric stretch, while the peaks at 1600 cm
-1
 and 3400 cm
-1
 are the bending 
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and stretching vibrations of the water molecules adsorbed on the surface of the 
Fe3O4 particles. The peaks present in pristine Mg-Al LDH and Fe3O4 can also 
be found in the spectrum for Fe3O4@LDH, suggesting that both materials are 
present. In the spectrum of Fe3O4@LDO, the peaks corresponding to water 
and nitrate (NO3
-
) are much reduced in intensity, which ties in with the 
elimination of these species during calcination. Additionally, the broad peak at 
about 700 cm
-1




The hysteresis loops obtained when magnetic moment (emu/mg) is plotted 
against field strength (G) is shown in Figure 5-6. As expected, pristine Mg-Al 
LDH is diamagnetic and therefore it does not possess a hysteresis loop. 
Pristine Fe3O4, on the other hand, is strongly ferrimagnetic, with a saturation 
magnetization of about 0.78 emu/mg, as well as a large hysteresis loop. The 
core-shell Fe3O4@LDH and Fe3O4@LDO microspheres also exhibit 
ferrimagnetism, albeit comparatively less so, due to the additional layer of 
insulating non-magnetic LDH or LDO coated onto their surface. They have 
saturation magnetization values of about 0.20 and 0.15 emu/mg respectively. 
The lower value for Fe3O4@LDO is probably caused by disruption of the 
alignment of the magnetic domains within the Fe3O4 core caused by the 
exposure to high temperatures during calcination. Nevertheless, the sizeable 
saturation magnetism values of the core-shell Fe3O4@LDO microspheres still 
allow facile phase separation using moderate magnetic field strengths during 




Figure 5-6. Magnetic Hysteresis Loops for LDH (a), Fe3O4 (b), Fe3O4@LDH 
(c), and Fe3O4@LDO (d). Inset: Digital photographs of Fe3O4@LDH 
microspheres dispersed in an aqueous solution (left) and phase separation after 
application of a magnetic force (right). 
 
5.3.2 Optimization of DBA sorption experiments 
The mass of Fe3O4@LDO employed was varied from 1 to 20 mg to 
investigate the effect of amount of adsorbent used. For the optimization of 











PE e  
where Co (mg/L) is the initial DBA concentration, Ce (mg/L) is the 
concentration of DBA at equilibrium after adsorption has taken place. As 
expected, PE increased noticeably as the mass of Fe3O4@LDO adsorbent used 
increased from 1 mg to 8 mg (Figure 5-7a). This is conceivably predominantly 
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due to an increase in the amount of surface area for contact between the 2 
species. In addition, there is also an increase in the number of adsorption sites 
for anion incorporation (initially) and anion exchange (to achieve equilibrium) 
to take place. Above 8 mg of adsorbent, additional amounts of adsorbent 
contributed negligible increase to the PE. Thus, 8 mg was chosen as the 
optimal mass of adsorbent, so as to minimize the cost of the removal technique 
whilst preserving a high adsorption capacity.  
 
Figure 5-7. Effect of various parameters on adsorption. Conditions: 
concentration of DBA, 10 mg/L; sample volume, 10mL; stirring rate, 1000 
rpm. Effect of adsorbent dose (a): adsorption time, 4 h; temperature, 25 °C; pH, 
7. Effect of pH (b): adsorption time, 4 h; temperature, 25 °C; mass of 
Fe3O4@LDO, 8 mg. Effect of temperature (c): adsorption time, 1 h; mass of 
Fe3O4@LDO, 8 mg. Effect of time and comparison between the Fe3O4@LDH 
and Fe3O4@LDO (d): temperature, 45 °C; mass of adsorbents, 8 mg, pH, 7. 
 
The adsorption capacity, Qe (mg/g), can be used to quantify the extent of 
adsorption and thus aid in optimizing the various extraction parameters. It is 
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where V (L) is the volume of the sample solution and m (g) is the mass of the 
adsorbent used. 
 
While it has been reported that pH plays a rather significant role in the 
adsorption behavior for LDHs,
172
 studies suggest that pH does not seem to 
have a large effect on the adsorption capacity of LDOs,
100, 158, 167
 as long as pH 
remains above 4. This is because at pH values lower than 4, the LDH structure 
begins to dissolve, which will undoubtedly reduce the adsorption capacity. The 
results in this work concur with those from previous reports, with adsorption 
capacity remaining rather constant in the pH range of 4 to 12 but decreasing 
significantly at pH 2 (Figure 5-7b). Since pH did not have a large effect on 
adsorption capacity, pH = 7 was chosen as the optimum pH for convenience as 
well as to avoid introducing competing anions (NO3
-
 from nitric acid or OH
-
 
from sodium hydroxide) into the sample solution. 
 
The dependence of Qe on the extraction temperature is shown in Figure 5-7c. 
As evident from the figure, the adsorption capacity increases as the 
temperature increases, illustrating the endothermic nature of the adsorption 
process.
176
 This is due to an increase in the diffusion coefficients of both the 
Fe3O4@LDO microspheres and the DBA analyte at elevated temperatures, 
which leads to enhanced kinetics and more rapid anion exchange interactions 
between the two species. Furthermore, the enhanced mobility of the species at 
elevated temperatures also increased the rate of reconstruction of the LDH 
structure at the start of the adsorption experiments. The adsorption capacity Qe 





A series of adsorption times from 5 min to 24 h (1440 min) was studied. 
Figure 5-7d shows the effect of adsorption time on the adsorption capability of 
the Fe3O4@LDO microspheres. It can be observed that a large proportion of 
DBA was removed near the beginning of the experiment, between 5 to 30 min. 
This can be attributed to the fact that the DBA molecules are being 
incorporated into the interlamellar regions during the reconstruction of the 
LDH from LDO. The rapid rate of adsorption initially can also be ascribed to 
the large number of anionic sites that need to be filled during the initial 
reconstruction, and also the large number of sites available for anion exchange 
soon after.  
 
Additionally, in general, the longer the contact time between the Fe3O4@LDO 
microspheres and the solution, the higher the Qe. This behavior is expected, 
because a prolonged adsorption time allows for more interaction between the 
Fe3O4@LDO microspheres and the DBA analyte. This in turn facilitates anion 
exchange and thus leads to more DBA being removed from the solution. The 
adsorption peaked and started to flatten out after about 4 h of contact between 
the Fe3O4@LDO adsorbents and the sample solution, with negligible 
increment as time progressed to 24 h. This is caused by a decrease in the 
concentration gradient as more DBA are adsorbed into the available sites in 
the Fe3O4@LDO adsorbent. Thus, an adsorption period of 4 h was determined 




Experiments were also conducted to determine which of the adsorbents 
(core-shell Fe3O4@LDH vs. core-shell Fe3O4@LDO) had a larger removal 
efficiency. The mechanism for adsorption in Fe3O4@LDH is solely anion 
exchange, while the mechanism for adsorption in Fe3O4@LDO involves 
reconstruction of the original LDH structure (as evidenced in the XRD spectra 
in Figure 5-4) initially, followed by anion exchange, until equilibrium is 
established. From the results obtained as shown in Figure 5-7d, Fe3O4@LDO 
demonstrated a much higher adsorption capacity (about 6X larger), making it 
the obvious choice as the preferred absorbent.  
 
5.3.3 Real sample analysis 
In order to corroborate the results obtained from samples prepared in spiked 
pure water, removal experiments were conducted using real water samples 
obtained from a local river. A water sample was spiked to a level at 10 mg/L of 
DBA. The optimized experimental conditions (8 mg of adsorbent, extraction 
time of 45
o
C, and at pH=7) were applied. Aliquots were drawn at appropriate 
time intervals and injected into the HPLC for analysis. The results are depicted 
in Figure 5-7d. As compared to an optimized experiment carried out in spiked 
pure water, the real sample displayed slower adsorption kinetics, especially at 
the beginning of the experiment. This can be attributed to the matrix effect of 
the competing anions in the sample, these anions are incorporated during the 
reconstruction of the LDH structure instead of DBA, and hence the 
concentration of DBA in the solution remained high initially. However, as 
sufficient time is given for the system to equilibrate, anion exchange occurred 
and DBA became intercalated into the LDH structures, due to their higher 
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affinities for the interlayer spaces. The higher affinity of DBA could be due to 
its multivalent negative charges. Thus, after 4 h, the adsorption capacity of the 
Fe3O4@LDO microspheres in the real sample became approximately equal to 
that of a pure aqueous solution, with 98.4% of the DBA being removed. 
 
5.3.4 Recyclability experiments 
A functional and viable adsorbent must be both effective as well as 
economical; costs can be lowered sizably if the same adsorbent can be 
recycled and used again continually without significant loss in efficacy. To 
evaluate the recyclability of the Fe3O4@LDO microspheres, thermal 
regeneration tests were carried out on the exhausted adsorbents over 5 cycles. 
In each cycle, the Fe3O4@LDO adsorbent was utilized for adsorption DBA 
solution under optimal conditions. Post-extraction, the adsorbent was 
recovered and re-calcined at 500 °C (as determined by TGA experiments, see 
Figure 5-3) for 2 h to re-form the Fe3O4@LDO structure. The re-formed 
Fe3O4@LDO is then re-employed in yet another removal experiment. This 
process was repeated for 5 times, and the results are shown in Figure 5-8. It 
can be observed that the Qe value does not noticeably decrease for the first 3 
cycles of adsorption-calcination. The Qe drops slightly in the 4
th
 experiment, 
and falls more discernibly in the 5
th
 experiment. This is probably due to the 
increase in the extent of formation of permanent magnesium oxide and spinel 
phases in the material upon repeated calcination,
104
 which reduces the amount 
of LDH that can be reconstructed after each calcination. The decrease in 
adsorption can also be attributed to the progressively lower crystallinity of the 
reconstructed LDH phases with each calcination-rehydration cycle.
177
 With a 
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decreased amount of LDH available, the adsorption capacity naturally 
decreases accordingly. Nonetheless, the same batch of adsorbents can be used 
for at least 4 adsorption-calcination cycles, which helps to lower the cost of 
this water remediation process.   
Figure 5-8. Recyclability experiments of up to 5 cycles. adsorption time, 4 hrs; 
mass of Fe3O4@LDO, 8 mg, concentration of DBA, 10 mg/L; sample volume, 
10 mL; stirring rate, 1000 rpm; temperature, 45
o
C; and pH, 7. 
 
5.3.5 Adsorption model and adsorption capacity 
The Freundlich and Langmuir isotherms shown in Figure 5-9 are usually 
invoked to describe adsorption processes. The Freundlich isotherm is an 








lnln   
where Ce (mg/L) is the equilibrium concentration of DBA, Qe (mg/g) is the 
amount of DBA adsorbed at equilibrium, while K (L/g) and n are the 
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Freundlich constants. A larger K indicates a larger overall adsorption capacity, 




Meanwhile, the Langmuir isotherm obeys the Langmuir equation, which has 














where Ce (mg/L) is the equilibrium concentration of DBA, Qe (mg/g) is the 
amount of DBA adsorbed at equilibrium, Qm (mg/g) is the saturated adsorption 
amount of DBA, and b (L/mg) is the Langmuir constant that is related to the 
adsorption energy. When a plot of Ce/Qe against Ce is drawn, a linear relation 
emerges (Figure 5-9a) and the values of Qm and b can be obtained from the 
slope and the y-intercept of the plot respectively. The calculations reveal that 
the maximum adsorption capacity for the Fe3O4@LDO microspheres for DBA 
is 188.7 mg/g (Table 5-1). The Langmuir model assumes that all adsorption 
sites are equally probable and that there is a monolayer coverage on the 
adsorbent particles. It also postulates that adsorption occurs uniformly on the 
adsorbent particles, and that no further sorption is able to occur at the same 
site 
153
. Additionally, the attractive force between the molecules decrease with 
increasing distance from the adsorption surface.
104
 Comparing the 
experimental data with two model isotherms (Figure 5-9c), adsorption of DBA 





Figure 5-9. Langmuir (a) and Freundlich (b) model for the adsorption process. 
Comparison of Langmuir, Freundlich isotherm and experimental data (c). 
 
 
Table 5-1. Isotherm constants and R
2




Langmuir isotherm Qm 
(mg/g) 
188.7 0.9979 
Langmuir isotherm b (L/mg) 1.15  
Freundlich isotherm K (L/g) 5.99 0.9884 






Magnetic core-shell Fe3O4@LDO microspheres were successfully synthesized 
and employed in the removal of DBA through conducting batch removal 
experiments. Phase separation of the adsorbent from the sample solution was 
conveniently achieved via the use of a magnet. The performance of the 
adsorbent was validated by the successful conduct of an experiment on a 
spiked real water sample from a local river. The recyclability of the 
Fe3O4@LDO adsorbent was also investigated and found to be favorable after 3 
cycles of adsorption-calcination. The results of this preliminary study indicate 
that Fe3O4@LDO microspheres are suitable adsorbents for the removal of 
DBA and possibly other acidic PPCPs from sewage effluents or water 
treatment plants. Their simple and straightforward synthesis, low cost, 
non-toxicity, magnetic properties leading to ease of employment, recyclability, 
and high adsorption capacity render them to be befitting candidates for use in 




Chapter 6 Selective extraction and release using (EDTA-Ni)-layered 
double hydroxide coupled with catalytic oxidation of 
3,3’,5,5’-tetramethylbenzidine for sensitive detection of copper ion 
6.1 Introduction 
With continuing industrial development, there have been increasing levels of 
heavy metals entering the environment and food chain. The determination of 
heavy metal ions in environmental water is thus critical and has attracted a lot 
of interest.
179-185
 Copper ion (Cu
2+
), an essential transition metal, plays an 
important role in human health and serves as a catalytic cofactor (e.g. 
cytochrome c oxidase, superoxide disumate and tyrosinase
186-187
) for many 
physiological processes. A high concentration of Cu
2+
 is, however, toxic to 
organisms and the humans, which could lead to Wilson’s disease, Alzheimer’s 
disease and Menkes syndrome.
179, 188
 In regard to this matter, the World 
Health Organization has set the maximum permissible amount of Cu
2+
 in 
drinking water at 2.0 mg/L
189
 while the standard imposed by the US EPA is 
1.3 mg/L (ca. 20 µM).
190
 For monitoring copper, many methods have been 
developed, including atomic absorption spectrometry,
180
 inductively coupled 
plasma-mass spectrometry (ICP-MS).
191
 However, these methods normally 
need expensive instruments, tedious sample preparation and complicated but 
necessary steps for isolation of this analyte from the matrix, especially in real 
sample analysis, since matrix effects are potentially detrimental to the overall 
analysis. Currently, many new materials are being developed for applications 
as electrochemical sensors,
181





 and specific fluorescent sensors.
196-197
 
These materials usually have specific and high response to Cu
2+
 ions. In 
109 
 
general, this property is normally found by accident or after a universal search. 
If the specificity to Cu
2+
 of the material can be designed right from the start, 
the detection method can be established at the outset.  
 
LDHs are formed by metal ions and interlayer anions. Since the interlayer 
anions are exchangeable, various types of anions (organic and inorganic) can 





 meso-2,3-dithiosuccinic acids and diethylene triamine 
pentaacetic.
200
 There have been studies on LDHs intercalated by EDTA to 















 However, since EDTA has a strong 
chelating ability with most metal cations, EDTA-LDH can generally uptake 
the latter indiscriminately. In other words, this extraction approach is not 
selective and it is difficult to apply it to the determination of a single metal 
cation in the presence of others. 
 
The formation constants of EDTA-metal (EDTA-M) complexes vary with 
different metals.
203
 Thus, the formation of EDTA-M is a competitive process 
when various metals exist simultaneously in the solution.
41, 204-205
 LDH 
intercalated by EDTA-M complexes ((EDTA-M)-LDH) have been studied 
previously. These materials have been widely used since they are 
environmentally friendly, affordable and easily synthesized.
206-207
 It has been 
shown that such intercalates could be developed as heterogeneous catalysts, 
photocatalytic materials, magnetic nanocomposites, and luminescent 
materials.
206, 208-210
 In (EDTA-M)-LDH, the metal cations chelating with 
110 
 
EDTA could be replaced by others that have stronger formation constants,
211
 
or be released under specific conditions.
212
 Lu et al.
213
 has reported that cobalt 
ion could be released from (EDTA-Co)-LDH to catalyze a luminol-hydrogen 











pH 5 pH 6 pH 5 pH 6 
Ag
+
 1.7 2.8 Fe
3+
 14.8 14.6 
Al
3+
 9.6 10.4 Hg
+
 11.3 11.1 
Ba
2+
 1.3 3.0 Mg
2+
 2.1 3.9 
Ca
2+
 4.1 5.9 Mn
2+
 7.4 9.2 
Cd
2+
 9.9 11.7 Ni
2+
 12.0 13.8 
Co
2+
 9.7 11.5 Pb
2+
 11.4 13.2 
Cu
2+
 12.2 14.0 Sr
2+
 2.0 3.8 
Fe
2+
 7.7 9.5 Zn
2+
 9.9 11.7 
a
Ionic strength: 0.1 M, temperature: 20 °C 
 
In this work, (EDTA-Ni)-LDH was synthesized as a sorbent to extract Cu
2+
 by 





) have stronger formation constants than Ni
2+
 (log 
formation constant (log Kf) for Cu
2+
: 14.0; for Fe
3+
: 14.6; for Ni
2+





 was replaced by Cu
2+ 
(Figure 6-1) (most other 
cations cannot be extracted efficiently). After centrifugation, the sorbent 
containing Cu
2+
 was isolated from the aqueous solution, with most of the 
matrix effects therefore avoided. The sorbent was then transferred to the 
reaction solution (3,3’,5,5’-tetramethylbenzidine (TMB) and H2O2 in acetic 
acid/sodium acetic solution, pH 5). Under this pH value, the log Kf value for 
Cu
2+
 decreased to 12.2, but for Fe
3+





chelated with EDTA more tightly, but the Cu
2+
 could be released from the 
sorbent to catalyse the oxidation reaction of TMB (Figure 6-1). TMB is a 
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widely used chromogenic compound and has been successfully applied in 
detection systems because its reaction products have high absorption 
coefficients. With a catalyst, TMB can be peroxidated by H2O2 which turns 
the colour of the solution to blue.
216-217
 By detection of the latter, the Cu
2+
 
concentration can be determined. To the best of our knowledge, this is the first 
time a selective extraction-release-catalysis detection system has been reported 
and applied to determine trace levels of Cu
2+
 in aqueous solution. 
 
Figure 6-1. Schematic of selective extraction-release-catalysis detection 
process. ①: Cu2+ is extracted by (EDTA-Ni)-LDH through ion-exchange with 
Ni
2+




6.2.1 Apparatus and instruments 
Chromium (II) nitrate nonahydrate, manganese nitrate tetrahydrate, nickel 
nitrate hexahydrate, aluminum nitrate nonahydrate and magnesium nitrate 
hexahydrate were purchased from Alfa Aesar (Heysham, UK). Zinc nitrate 
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tetrahydrate was obtained from Merck (Darmstadt, Germany) and cobalt (II) 
nitrate hexahydrate was purchased from Fisher Scientific (Loughborough, 
UK). Iron (III) nitrate nonahydrate, iron(II) chloride tetrahydrate, potassium 
nitrate, sodium nitrate, silver nitrate, mercury chloride, copper nitrate 
trihydrate, calcium nitrate tetrahydrate, TMB (99%), dimethyl sulfoxide, 
acetic acid and sodium acetate anhydrate (99%) were bought form 
Sigma-Aldrich (St. Louis, MO, USA). Hydrogen peroxide (30%-32%) was 
procured from ERC Sdn Bhd (Rawang, Malaysia). All standard solutions were 
prepared by dissolving the required amount of reagents with deionized water, 
and thoroughly mixed before usage. All analytes were of analytical-reagent 
grade. TMB was preserved at 4°C in the fridge and dissolved in dimethyl 
sulfoxide buffer solution. Real water samples were collected locally. 
 
UV-vis measurements were carried out using a UV-1800 spectrophotometer 
(Shimadzu, Kyoto, Japan) with disposable UV cuvettes (1.5 mL capacity) of 
10 mm path length. The reaction solutions were scanned at wavelengths of 
between 400 and 800 nm. X-ray diffraction (XRD) measurements were made 
on a Siemens (Karlsruhe, Germany) D5005 X-ray diffractometer (Cu K = 
1.5418Å). An Eppendorf 5810R centrifuge (B. Braun, Singapore) was used to 
speed up the phase separation. An Agilent 3200P pH meter (Palo Alto, CA, 
USA) was used to adjust the pH of buffer solutions. Inductively coupled 
plasma-mass spectrometry (ICP-MS) was conducted on an Agilent (Palo Alto, 




6.2.2 Synthesis of (EDTA-Ni)-LDH 
The sorbent was synthesized by a co-precipitation method, and subsequently 
hydrothermally-treated according to a previous report.
218
 First, 14.5 g of 
Ni(NO3)2•6H2O was dissolved in 50 mL deionized water, and the resulting 
solution was added by a dropwise manner into 50 mL of 2 M EDTA aqueous 
solution. The obtained deep blue solution of (EDTA-Ni)
2-
 was stirred 
vigorously at 65 °C. The second step involved dissolving 7.68 g 
Mg(NO3)2•6H2O and 3.75 g Al(NO3)3•9H2O with deionized water to form a 
100 mL solution, which was then transferred to the (EDTA-Ni)
2-
 solution by 
dropwise addition. The pH of the solution was adjusted at 11 by using a 0.1 M 
NaOH solution. The pale blue solution was stirred at 65 °C for 1 h, followed 
by aging for 18 h without stirring at the same temperature. Afterwards, the 
resultant slurry was separated by filtration, washed with deionized water three 
times, and then dried at 80 °C for 16 h. The final product (ca. 5 g) could be 
stably stored for later use. 
 
6.2.3 Extraction procedure 
DSPE of Cu
2+
 was carried out under the following conditions: 0.8 mg of 
(EDTA-Ni)-LDH was dispersed in 100 μL deionized water and placed under 
ultrasonication for 20 min. Then the (EDTA-Ni)-LDH sol and 10 ml of sample 
solution were added into a centrifuge tube (15 mL capacity). Next, the tube 
was placed in a water bath set at the designated temperature for a specified 
time for DSPE. During this process, the tube was vortexed every five minutes 
to ensure the homogeneous distribution of LDHs. Thereafter, the sorbent was 
separated from the solution by centrifugation at 4000 rpm for 10 mins, and the 
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supernatant was decanted. Finally, 100 μL of deionized water was injected 
into the centrifuge tube using a pipette. The latter was manipulated to 
withdraw-and-expel the solution 4-5 times to mix the contents thoroughly, 
after which the (EDTA-Cu)-LDH sol was obtained. 
 
6.2.4 Catalysis and detection 
The Cu
2+
-catalyzed reaction between TMB and H2O2 occurred in a buffer 
solution made up of 0.1 M of acetic acid/sodium acetic solution (pH = 5). One 
hundred microliters of (EDTA-Cu)-LDH sol from the previous step, was 
added to the buffer solution, into which a 5 μL of 0.1 M TMB and 10 μL of 5 
M H2O2 were also injected, making up a total volume of 1 mL. Finally, the 
reaction was monitored by UV-vis measurements and the change in 
absorbance was determined at 650 nm. Reference (blank) sample solutions 
were also extracted and measured under the same conditions. 
 
6.3 Results and Discussion 
6.3.1 Characterization of sorbent 
To characterize the sorbent, NO3-LDH was synthesized for comparison. The 
results of XRD spectra are shown in Figure 6-2. Both spectra are characterized 
by a layered phase with the basal diffractions, and these planes are marked by 
(003), (006), (009). For (EDTA-Ni)-LDH, three symmetric peaks precisely 
measured at 2θ 6.0°, 12.10° and 18.36° demonstrated basal spacings d of 14.7, 
7.3, 4.8 Å, and for NO3-LDH, three peaks at 2θ 11.3°, 22.80°, 33.44° revealed 
d values of 7.8, 3.9, 2.6 Å. These results indicated that both NO3-LDH and 
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(EDTA-Ni)-LDH had layered structures. Evidently, (EDTA-Ni)-LDH has 
some particular peaks that differ from NO3-LDH, and the intercalation of 
(EDTA-Ni)
2-
 in LDH results in an increase in basal spacing from 7.8 Å to 14.7 
Å as well. In addition, subtraction of the average hydrotalcite-layer thickness 
of 4.8 Å
219
 from d = 14.7 Å, gave 9.9 Å, which is the interlayer distance due to 
the intercalation of (EDTA-Ni)
2-
. On the basis of the above results, the 
(EDTA-Ni)-LDH was deemed to be synthesized successfully. 
 
Figure 6-2. XRD patterns of NO3-LDH and (EDTA-Ni)-LDH 
 
The capacity of (EDTA-Ni)-LDH to Cu
2+
 was 33.9 mg/g (adsorption time: 4 h, 
room temperature, pH=5). The capacity is high enough to extract trace levels 
of Cu
2+
 from water samples. 
 
6.3.2 Optimization 
The pH of sample solution has a significant influence on the yield of 
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extraction and catalysis reaction rate. In theory, the formation constants of 
(EDTA-Cu)
2-




 begins to precipitate as 
Cu(OH)2 when pH > 6 at the concentration of our experiments (≤ 100 μM). In 
addition, the decreasing pH enhances the solubility of Cu
2+
 and increases its 





 Therefore, to achieve a higher extraction efficiency and avoid the 
interference of Cu(OH)2, a pH of 6 was selected as the most favorable pH for 
extraction. On the other hand, in the second step (release and catalysis), for a 
proper reaction pH, four aspects need to be considered: (1) To promote the 
release of Cu
2+
 into reaction solution, a lower pH is required (smaller 
formation constant and higher solubility). (2) When pH < 4, (EDTA-Ni)-LDH 
would dissolve
71





a maximal formation constant with EDTA at pH 5.
214
 (4) Optimal pH for TMB 
oxidation is ca. 4-5.
220
 On the basis of the above discussion, a pH of 5 was 
adopted for the reaction solution.  
 
Extraction times (of between 5 and 45 min) and extraction temperatures (of 
between 20 and 60 °C) were studied, and the results are shown in Figure 3. It 
can be seen that the output signal intensity (ΔAbsorbance = 
Absorbancesample-Absorbancereference) was found to increase with increasing 
temperature and time. However, DSPE is an equilibrium-based extraction 
procedure and adsorption has a maximum when an equilibrium condition is 
established. The extraction profile finally flattened out, indicating that 
equilibrium was attained (red region in Figure 6-3). The complex of 
(EDTA-Cu)
2-
 is highly stable and does not dissociate over time. According to 
117 
 
the results of Figure 3, 30 °C and 25 min were chosen as the optimized 
extraction temperature and time, respectively. 
 
Figure 6-3. Effect of extraction time and temperature. Conditions: 10 μM 
Cu
2+
 spiked solution (10 mL); pH, 6; reaction time, 20 min. 
 
The influence of reaction time on the absorbance intensity was evaluated in 
the interval between 5 to 150 min. Figure 6-4 shows that after 120 min, the 
curve became flat, indicating that the reaction between TMB and H2O2 was 
completed. However, detection at the time of reaction completion was not 
sensitive for various concentrations of catalyst, which limited the detection 
linearity range. Moreover, the reaction time was too long for practical 
purposes. After 45 min, the curve deviated from the straight line, indicating 
that the reaction rate had begun to slow down. Thus, a reaction time of 45 min 




Figure 6-4. Effect of reaction time. Conditions: 10 μM Cu2+ spiked solution 
(10 mL); pH, 6; extraction temperature, 30 °C; extraction time, 25 min. Error 
bars show the standard deviation (n = 3). 
 
6.3.3 Effect of extraction 
The UV-vis spectra of TMB oxidation reaction catalyzed by (a) reference 
sample ((EDTA-Ni)-LDH after extraction of blank solution), (b) Cu
2+
 standard 
solution (without extraction) and (c) (EDTA-Cu)-LDH ((EDTA-Ni)-LDH after 
extraction of Cu
2+
 standard solution) are depicted respectively in Figure 6-5. It 
is obvious that (EDTA-Cu)-LDH has a stronger absorbance than the Cu
2+
 
standard solution, and the ΔAbsorbance increased nearly 8 times. The reasons 
is the Cu
2+
 was enriched by (EDTA-Ni)-LDH during the DSPE process, thus 
greatly improving the catalytic ability after Cu
2+
 was released. However, since 
there existed an equilibrium regime between the Cu
2+
 and (EDTA-Cu)-LDH, 
the Cu
2+
 was not released completely (theoretical enrichment factor of Cu
2+
 is 
ca. 100 times). Nevertheless, the detection signal was more significantly 





 was successful. 
 
Figure 6-5. UV-vis spectra of TMB oxidation reaction: (a) 0.8 mg 
(EDTA-Ni)-LDH was first applied as sorbent to extract blank solution (no 
Cu
2+
), and the obtained 100 μL (EDTA-Ni)-LDH sol (see Section 2.3) was 
used to catalyze the TMB oxidation reaction (b) 100 μL of 10 μM Cu2+ 
standard solution (no extraction) was directly added to the reaction solution 
for catalysis (c) 0.8 mg (EDTA-Ni)-LDH was used to first extract 10 μM Cu2+ 
in a standard solution, and the obtained 100 μL (EDTA-Cu)-LDH sol was used 
to catalyze the TMB oxidation reaction. Optimized conditions were applied in 
the extraction, and catalytic reaction (see text).  
 
6.3.4 Study of specificity 
To evaluate the selectivity of the method for Cu
2+






























 were examined. The catalytic ability of each metal cation (the 
reaction was catalyzed by 100 μL of 10 μM standard solution directly, absence 
sorbent and without extraction) for the TMB oxidation reaction were studied, 












 also had good catalytic abilities. Therefore, to avoid 
interferences from other cations, the selectivity of the DSPE-release process 
was important. The reaction in the presence of these 14 metal cations (in the 
presence or absence of Cu
2+
, concentration of interfering cation: Cu
2+
 = 10: 1) 
was also investigated (Figure 6-6b) under the optimized experimental 
conditions (DSPE-release-catalysis). The influence of these interfering cations 
was insignificant, indicating the selective extraction and release process 
successfully eliminated the influence of other cations. The main reason is 
































 cannot chelate with EDTA). 











 have stronger formation constants than 
Ni
2+
. Thus, other metal cations could not be extracted efficiently. Then during 
the release process, with the pH was reduced to 5, the formation constant of 
Cu
2+
 decreased while that of Fe
3+
 increased to a maximal value that was 




 The chelation between Fe
3+
 and 
EDTA became stronger, making it more difficult for the Fe
3+
 to be released 
into the reaction solution, contrary to the situation with Cu
2+
. Therefore, as 
expected, TMB oxidation was only catalyzed by the released Cu
2+
. All these 






Figure 6-6. (a) Catalytic ability of various metal cations. Absorbance intensity 
of TMB oxidation reaction, catalyzed by various metal cations in standard 
solutions (100 μL, 10 μM), separately. (b) ΔAbsorbance of TMB oxidation 
reaction, which was catalyzed by sorbent after extraction of metal cations (100 
μM, except Cu2+ is 10 μM) in the absence (white bar) or presence (shaded bar) 




6.3.5 Method evaluation and real sample analysis 
 
Figure 6-7. (a) UV-vis spectra of TMB oxidation reaction catalyzed by 100 μL 
(EDTA-Cu)-LDH sol ((EDTA-Ni)-LDH after extraction of 0, 0.1, 0.2, 0.5, 1, 2, 
5, 10, 40, 80, 100 μM Cu2+ standard solution). Optimized conditions were 
applied in the extraction, and catalytic reaction. (b) Linear fitting curve of log 
(ΔAbsorbance) versus a log (concentration of Cu2+ (M)). 
 
 
Under the optimized conditions, experiments were conducted to determine the 
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linear range and the LOD. The linear concentration range of this method was 
determined to be from 0.05 μM to 100 μM (Figure 6-7) with coefficients of 
determination (r
2
) is equal to 0.9977. The LOD, calculated at a signal-to-noise 
ratio of 3, was measured to be 10 nM. The repeatability, represented by the 
RSD%, was 1.1%. This was determined by introducing the proposed method 
to three replicate sample solutions containing 10 μM of Cu2+. 



























hPEI-AgNCs Water 10 0.01-7.7 
192
 
g-C3N4 Nanosheet Water 0.5 0-10 
196
 






Water 1.1 0.05-0.5 
194
 
Carbon dots based 
dual-emission silica 
nanoparticles 



























Hexacyanoferrate(III) Water 62.5 0.1-400 
227
  
1,5-diphenylcarbazide Water 0.8 0.01-0.12 
228
 




AAS: atomic absorption spectroscopy; LIBS: laser induced breakdown 
spectroscopy 
b
IBMK/DBTCA: isobutyl methyl ketone/dibenzyldithiocarbamic acid; 
hPEI-AgNCs: hyperbranched polyethyleneimine-protected silver nanoclusters; 
g-C3N4: graphitic carbon nitride; H39GFP: a green fluorescent protein 
containing 39 histidine residues in the primary sequence 
 
A comparison of our results with those of other methods is shown in Table 6-2. 
The method involving the use of ICP-MS detector can provide high selectivity 
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and sensitivity, but is expensive, and also requires tedious sample 
preparation.
221
 Ring-oven preconcentration with laser induced breakdown 
spectroscopy
226
 and catalytic-kinetic-spectrophotometric method
228
 also have 
good sensitivity, but these detection systems are complicated and need a 
combination of devices. Some fluorometry methods show low LODs, but their 
working ranges are quite narrow (ca. 1 order of magnitude).
194, 196
 Indeed, it 
can be seen that all the other methods show narrow working ranges (<3 orders 
of magnitude).
180-181, 192, 194, 196, 221-228
 In comparison, in the present work, a 
wide linear range (ca. 4 orders of magnitude), which is suitable for direct 
detection for a broad range of samples. Additionally, our method presents 
suitable sensitivity for most environmental water samples. Most importantly, 
this method represents a simple operational process and does not require 
sample pretreatment which is usually necessary in most other methods. 
 
To evaluate the applicability of the method, the determination of Cu
2+
 in the 
different water (river water, tap water and sea water) samples was carried out, 
and the results are compared to those from ICP-MS analysis. Cu
2+
 at levels of 
57.3 nM, 20.3 nM, 69.3 nM were detected in the river water, tap water and sea 
water, respectively. The values from ICP-MS determination was 55.9 nM, 19.8 
nM and 71.0 nM, correspondingly (Table 6-3). To assess matrix effects, these 
samples were also spiked at 100 and 150 nM of Cu
2+
, respectively, and 
subjected to the procedure. As shown in Table 2, good recoveries (97.6–
102.8%) were obtained in the spiked samples by this method; the results were 




Table 6-3. Determination of Cu
2+















blank 57.3 (1.75) --- 55.9 (2.03) 
blank+100 160.1 (2.94) 102.8 158.3 (3.17) 
blank+150 208.2 (1.97) 100.6 206.6 (2.64) 
Tap water blank 20.3 (3.56) --- 19.8 (2.91) 
blank+100 120.1 (4.11) 99.8 119.6 (2.24) 
blank+150 171.3 (2.75) 100.7 169.2 (1.98) 
Sea water blank 69.7 (2.99) --- 71.0 (3.16) 
blank+100 167.3 (3.70) 97.6 172.2 (2.91) 
blank+150 217.4 (3.34) 98.4 221.9 (3.05) 
a
Relative recovery = (Concentrationtotal-Concentrationblank)/Concentrationspiked 
 
6.4 Conclusion 
In this study, an affordable and conveniently synthesized sorbent, 
(EDTA-Ni)-LDH, was prepared and applied in a novel 
extraction-release-catalysis detection approach for Cu
2+
. Through two steps, (1) 
Cu
2+
 extracted by sorbent for enrichment, and (2) role of the Cu
2+
 as catalyst, 
the detection signal was amplified. Meanwhile, three processes ensured the 
specificity of the method: (1) Cu
2+
 was selectively exchanged with Ni
2+
 in the 
extraction step, (2) the Cu
2+
 was easily released from the sorbent, and (3) Cu
2+
 
has high catalytic capability in the 3,3’,5,5’-tetramethylbenzidine oxidation 
reaction. This procedure demonstrated a highly sensitive and selective method 
for the determination of Cu
2+
 in aqueous solution. After DSPE, the sorbent 
containing analyte cations was isolated from the sample solution, limiting 
potential matrix effects. This suggested that, by using this method, sample 
pretreatment could be substantially simplified or even omitted. We believe that 
this extraction-release-catalysis detection system could be used to determine 
other metal cations by using chelating agents and chelated ions other than 
EDTA and Ni
2+
, respectively.  
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Chapter 7 Conclusion and future work 
Several types of LDHs (i.e., LDH-NO3/Cl/CO3, CSs@LDH, Fe3O4@LDH, 
(EDTA-Ni)-LDH) or their oxides (i.e., LDO, LDO-HSs, Fe3O4@LDO) have 
been successfully synthesized and applied as sorbents in different kinds of 
SPE modes (i.e., DSPE, co-precipitation extraction, in-syringe DSPE, 
automated DSPE).  
 
LDHs and derivants can be dissolved in acidic solution. Moreover, after 
modification, these derivants are given some specific properties: LDO-HSs 
has much higher specific surface area than other materials; Fe3O4@LDH is a 
kind of core-shell magnetic material; (EDTA-Ni)-LDH has specificity to metal 
ions under different pH; the adsorption capacity of Fe3O4@LDO is as high as 
188.7 mg/g. Their simple and straightforward synthesis, low cost, non-toxicity, 
specific properties leading to ease of employment, recyclability, and high 
adsorption capacity render them to be befitting candidates sorbent for use in 
large-scale and industrial processes. 
 
LDHs were creatively applied as dissolvable sorbents in DSPE, perhaps the 
most interesting feature possessed by these materials, and the experiments 
were discussed in Chapter 2. In SPE using LDHs, the elution step was omitted, 
simplifying considerably the extraction process. Chapter 3 demonstrated 
in-syringe DSPE by using LDO-HSs as a sorbent. In this process, 
centrifugation, a necessary step in normal DSPE, was obviated. Finally, an 
automated DSPE was realized and reported in Chapter 4 by employing 
Fe3O4@LDH as a sorbent. The centrifugation step was replaced by a magnetic 
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separation. The mechanism of DSPE was studied in Chapter 5, and the results 
indicated that LDO-based extraction fits the Langmuir equation. In addition, 
co-precipitation extraction was developed and first used to extract non-metal 
ions (Chapter 2). These procedures were demonstrated to be fast, and efficient 
methods for the extraction of analytes in aqueous samples. Additionally, in the 
developed methods, only small volumes of both the sample (1-10 mL) and of 
solvent (10-100 µL) were required, which makes them labor-free and 
environmentally friendly. When dissolvable LDHs are used, a minor drawback 
is that the sorbents could not be recycled. However the small amount (0.1-3 
mg) of LDH needed each time still makes these methods relatively economical. 
Most importantly, the solubility of LDHs allowed a fully-automated DSPE 
procedure to be realized. 
 
The limitation of the sample preparation methods developed in this work is the 
preparation of the sorbents, because they have to be separately synthesized. 
This is especially so if one intends to use his/her own materials. This is a 
common disadvantage of SPE compared to LLE; the sorbent needs to be in the 
hand before application. Fortunately, a new co-precipitation extraction may 
solve this problem. In our study, sorbent was dissolved before co-precipitation 
extraction. However, conditional solvent (precusor of sorbent) can be added 
into the sample directly, and the precusor form sorbent with the participation 
of the analytes. Through this process, the sorbent does not need to be prepared 
ahead of extraction. We believe this concept could be a new trend of 




In the work described in Chapter 2-5, the LDHs used did not exhibit highly 
significant individual specificity to similar analytes, and the latter were usually 
separated by HPLC after extraction. In Chapter 6, a more selective approach 
involving extraction and release of Cu
2+
 was realized by using 
(EDTA-Ni)-LDH as a sorbent. By changing the conditions (e.g., pH, type of 
chelator, binding ion, reaction), this method can be developed for detection of 
a specific metal ion. Moreover, if an organic molecule that shows a particular 
specificity to a target analyte, can be intercalated into the LDH, a MIP-like 
LDH would be possible. We are currently exploring this work. 
 
The LDHs demonstrated in this work have the potential to be ideal sorbent in 
SPE. We were inspired by their specific properties (ease of 
preparation/synthesis; pH-sensitive dissolution properties, memory effect, etc.) 
and synthesis process to develop some new SPE modes. In the future, when 
more functional LDHs are synthesized, they will further drive the 
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